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ВВȿȾȿɇɂȿ 
 
Аɤɬɭɚɥɶɧɨɫɬɶ ɪɚɛɨɬɵ. ȼɡɚɢɦɨɞɟɣɫɬɜɢɹ ɬɜɟɪɞɵɯ ɢ ɠɢɞɤɢɯ 
ɫɨɫɬɚɜɥɹɸɳɢɯ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɯ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɩɪɢɩɨɟɜ ɧɚ 
ɨɫɧɨɜɟ ɥɟɝɤɨɩɥɚɜɤɢɯ ɦɟɬɚɥɥɨɜ ɜɚɠɧɵ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɧɨɜɵɯ ɬɟɯɧɨɥɨɝɢɣ ɩɚɣɤɢ 
ɪɚɡɧɨɪɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɩɨɜɪɟɠɞɟɧɧɵɯ ɷɥɟɦɟɧɬɨɜ 
ɪɚɡɥɢɱɧɵɯ ɨɬɜɟɬɫɬɜɟɧɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ. Ɋɚɡɪɚɛɨɬɤɚ ɢ ɢɡɭɱɟɧɢɟ 
ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ, ɢɧɞɢɹ, ɨɥɨɜɚ ɢ ɰɢɧɤɚ 
ɫɬɚɧɨɜɹɬɫɹ ɜɫɟ ɛɨɥɟɟ ɚɤɬɭɚɥɶɧɵɦɢ.  
ɂɫɩɨɥɶɡɨɜɚɬɶ ɝɚɥɥɢɣ ɤɚɤ ɨɫɧɨɜɧɨɣ ɤɨɦɩɨɧɟɧɬ ɞɥɹ ɞɢɮɮɭɡɢɨɧɧɨ-
ɬɜɟɪɞɟɸɳɢɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ (ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɤɥɟɟɜ) ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɢɡ-ɡɚ ɪɹɞɚ 
ɩɪɟɢɦɭɳɟɫɬɜ: ɧɢɡɤɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɩɥɚɜɥɟɧɢɹ, ɫɩɨɫɨɛɧɨɫɬɶ ɯɨɪɨɲɨ ɫɦɚɱɢɜɚɬɶ 
ɪɚɡɥɢɱɧɵɟ ɦɚɬɟɪɢɚɥɵ, ɚ ɬɚɤɠɟ ɚɤɬɢɜɧɨ ɜɫɬɭɩɚɬɶ ɜ ɪɟɚɤɰɢɢ ɫ ɬɭɝɨɩɥɚɜɤɢɦɢ 
ɦɟɬɚɥɥɚɦɢ ɢ ɫɩɥɚɜɚɦɢ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɢɧɬɟɪɦɟɬɚɥɥɢɞɧɵɯ ɫɨɟɞɢɧɟɧɢɣ. ɇɚɪɹɞɭ 
ɫ ɞɨɫɬɨɢɧɫɬɜɚɦɢ, ɝɚɥɥɢɟɜɵɟ ɩɚɫɬɵ-ɩɪɢɩɨɢ ɢɦɟɸɬ ɧɟɞɨɫɬɚɬɤɢ. Ƚɥɚɜɧɵɟ – ɷɬɨ 
ɞɥɢɬɟɥɶɧɨɟ ɜɪɟɦɹ ɡɚɬɜɟɪɞɟɜɚɧɢɹ, ɞɢɮɮɭɡɢɨɧɧɚɹ ɩɨɪɢɫɬɨɫɬɶ ɢ ɜɵɫɨɤɚɹ 
ɫɬɨɢɦɨɫɬɶ. 
Ɉɛɴɟɤɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ. Ⱦɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɟ ɝɚɥɥɢɟɜɵɟ ɩɪɢɩɨɢ 
ɢ ɩɪɨɱɢɟ ɤɨɦɩɨɡɢɰɢɨɧɧɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ. 
ɐɟɥɶ ɪɚɛɨɬɵ. ɐɟɥɶɸ ɞɚɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɹɜɥɹɟɬɫɹ ɫɨɤɪɚɳɟɧɢɟ ɜɪɟɦɟɧɢ 
ɡɚɬɜɟɪɞɟɜɚɧɢɹ ɩɚɫɬ-ɩɪɢɩɨɟɜ, ɪɚɫɲɢɪɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɢɧɬɟɪɜɚɥɚ 
ɡɚɬɜɟɪɞɟɜɚɧɢɹ, ɩɨɜɵɲɟɧɢɟ ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. ɉɨɢɫɤ ɧɨɜɵɯ 
ɧɚɩɨɥɧɢɬɟɥɟɣ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ ɩɪɢɩɨɟɜ, ɤɨɬɨɪɵɟ ɩɪɢ ɞɢɮɮɭɡɢɨɧɧɨɦ ɬɜɟɪɞɟɧɢɢ 
ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 200-500 °ɋ ɞɚɸɬ ɬɟɦɩɟɪɚɬɭɪɭ ɪɚɫɩɚɹ ɫɜɵɲɟ 800°ɋ. 
Ɂɚɞɚɱɢ. ȼɵɩɨɥɧɢɬɶ ɤɨɦɩɥɟɤɫ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɜɵɛɨɪɭ ɦɟɞɧɨ-
ɧɢɤɟɥɟɜɵɯ ɫɩɥɚɜɨɜ-ɧɚɩɨɥɧɢɬɟɥɟɣ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ. Ɉɩɪɟɞɟɥɢɬɶ 
ɩɚɪɚɦɟɬɪɵ ɢ ɩɪɨɞɭɤɬɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ. 
7 
1 Аɧɚɥɢɡ ɥɢɬɟɪɚɬɭɪɧɵɯ ɞɚɧɧɵɯ  
 
ɇɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɜ ɥɢɬɟɪɚɬɭɪɟ ɢɦɟɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɨɟ 
ɤɨɥɢɱɟɫɬɜɨ ɪɚɛɨɬ, ɤɨɬɨɪɵɟ ɩɨɫɜɹɳɟɧɵ ɨɩɪɟɞɟɥɟɧɢɸ ɩɚɪɚɦɟɬɪɨɜ ɞɢɮɮɭɡɢɢ ɜ 
ɞɜɨɣɧɵɯ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ, ɢɦɟɸɳɢɯ ɨɝɪɚɧɢɱɟɧɧɭɸ ɢ 
ɧɟɨɝɪɚɧɢɱɟɧɧɭɸ ɪɚɫɬɜɨɪɢɦɨɫɬɶ. Ɉɞɧɚɤɨ, ɞɥɹ ɦɧɨɝɨɮɚɡɧɵɯ ɢ 
ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɵɯ ɫɢɫɬɟɦ ɞɚɧɧɵɯ ɧɟ ɬɚɤ ɦɧɨɝɨ, ɨɫɨɛɟɧɧɨ ɞɥɹ 
ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ. ɂɡɜɟɫɬɧɨ [1], ɱɬɨ ɜ ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɯ 
(ɩɪɨɦɟɠɭɬɨɱɧɵɯ) ɮɚɡɚɯ ɩɪɢ ɢɯ ɨɛɪɚɡɨɜɚɧɢɢ ɫɤɨɪɨɫɬɶ ɞɢɮɮɭɡɢɢ ɜɵɲɟ, ɱɟɦ ɜ 
ɱɢɫɬɵɯ ɦɟɬɚɥɥɚɯ.   
 
1.1 Ɉɫɧɨɜɵ ɬɟɨɪɢɢ ɞɢɮɮɭɡɢɢ. 
 
ɉɪɨɰɟɫɫɵ ɞɢɮɮɭɡɢɢ ɨɩɢɫɵɜɚɸɬ ɭɪɚɜɧɟɧɢɹ Ɏɢɤɚ, ɨɧɢ ɫɩɪɚɜɟɞɥɢɜɵ ɞɥɹ 
ɫɢɫɬɟɦ ɫ ɦɚɥɵɦ ɩɟɪɟɩɚɞɨɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɞɢɮɮɭɧɞɢɪɭɸɳɟɝɨ ɜɟɳɟɫɬɜɚ – 
ɝɪɚɞɢɟɧɬɨɦ ɤɨɧɰɟɧɬɪɚɰɢɢ 𝜕ܥ/𝜕ݔ [2].  
ɉɟɪɜɵɣ ɡɚɤɨɧ Ɏɢɤɚ:  
           𝜕݉ = −ܦ 𝜕ܥ/𝜕ݔ ݀ܵ ݀𝜏. (1.1) 
ɝɞɟ 𝜕݉ – ɤɨɥɢɱɟɫɬɜɨ ɞɢɮɮɭɧɞɢɪɭɸɳɟɝɨ ɜɟɳɟɫɬɜɚ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɟ ɜ ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ d𝜏  ɱɟɪɟɡ ɟɞɢɧɢɰɭ ɩɨɜɟɪɯɧɨɫɬɢ dS, ɤɨɬɨɪɵɣ 
ɩɪɨɩɨɪɰɢɨɧɚɥɟɧ ɝɪɚɞɢɟɧɬɭ ɤɨɧɰɟɧɬɪɚɰɢɢ 𝜕ܥ/𝜕ݔ ɢ ɤɨɷɮɮɢɰɢɟɧɬɭ ɞɢɮɮɭɡɢɢ 
D (ɦ2/ɫ).  Ɂɧɚɤ «ɦɢɧɭɫ» ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɩɨɬɨɤ ɧɚɩɪɚɜɥɟɧ ɢɡ ɨɛɥɚɫɬɢ ɛɨɥɶɲɟɣ 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɜ ɨɛɥɚɫɬɶ ɫ ɦɟɧɶɲɟɣ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɞɢɮɮɭɧɞɢɪɭɸɳɟɝɨ 
ɷɥɟɦɟɧɬɚ [2]. 
ȼ ɭɫɥɨɜɢɹɯ, ɤɨɝɞɚ ɝɪɚɞɢɟɧɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɡɚɜɢɫɢɬ ɨɬ ɜɪɟɦɟɧɢ, ɚ 
ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ, ɩɪɨɰɟɫɫ ɞɢɮɮɭɡɢɢ 
ɦɨɠɧɨ ɨɩɢɫɚɬɶ ɜɬɨɪɵɦ ɡɚɤɨɧɨɦ Ɏɢɤɚ, ɤɨɬɨɪɵɣ ɜɵɜɨɞɢɬɫɹ ɢɡ ɩɟɪɜɨɝɨ [2]: 
 
8 
           𝜕С/𝜕𝜏 = ܦ𝜕ଶܥ/𝜕ݔଶ. (1.2) 
Ʉɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ D (ɦ2/ɫ) ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɤɨɪɨɫɬɶ ɞɢɮɮɭɡɢɢ, ɜ 
ɭɫɥɨɜɢɹɯ ɩɟɪɟɩɚɞɚ ɤɨɧɰɟɧɬɪɚɰɢɢ, ɪɚɜɧɨɦ ɟɞɢɧɢɰɟ, ɡɚɜɢɫɢɬ ɨɬ ɯɢɦɢɱɟɫɤɨɝɨ 
ɫɨɫɬɚɜɚ ɫɩɥɚɜɚ, ɪɚɡɦɟɪɨɜ ɡɟɪɧɚ ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɨɰɟɫɫɚ [2].  
Ɍɚɤɠɟ ɫɭɳɟɫɬɜɭɟɬ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɞɢɮɮɭɡɢɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ, ɜɩɟɪɜɵɟ ɭɫɬɚɧɨɜɥɟɧɧɚɹ ɋ. Ⱥɪɪɟɧɢɭɫɨɦ [2]:  
           ܦ =  ܦ଴ exp (− ܴܳܶ ) , (1.3) 
ɝɞɟ ܦ଴ – ɩɪɟɞɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɣ ɦɧɨɠɢɬɟɥɶ (ɦ2/ɫ), ɤɨɬɨɪɵɣ ɡɚɜɢɫɢɬ ɨɬ ɫɢɥ 
ɫɜɹɡɢ ɦɟɠɞɭ ɚɬɨɦɚɦɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ; 
      Q – ɷɧɟɪɝɢɹ ɚɤɬɢɜɚɰɢɢ ɞɢɮɮɭɡɢɢ (ɤɚɥ/ɦɨɥɶ);  
      R – ɭɧɢɜɟɪɫɚɥɶɧɚɹ ɝɚɡɨɜɚɹ ɩɨɫɬɨɹɧɧɚɹ (ɤɚɥ/ɦɨɥɶ·Ʉ); 
      T – ɚɛɫɨɥɸɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ (Ʉ). 
Ⱦɢɮɮɭɡɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜ ɬɜɟɪɞɵɣ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ 
ɩɪɢɜɨɞɢɬ ɤ ɩɨɹɜɥɟɧɢɸ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɥɨɹ ɫ ɩɨɜɵɲɟɧɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 
ɞɢɮɮɭɧɞɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ. ȼ ɧɚɩɪɚɜɥɟɧɢɢ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɜ ɝɥɭɛɶ ɬɜɟɪɞɨɝɨ 
ɦɟɬɚɥɥɚ ɤɨɧɰɟɧɬɪɚɰɢɹ ɧɟɩɪɟɪɵɜɧɨ ɭɦɟɧɶɲɚɟɬɫɹ. Ƚɥɭɛɢɧɚ ɞɢɮɮɭɡɢɨɧɧɨɣ 
ɡɨɧɵ – x (ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɞɨ ɫɥɨɹ ɫ ɩɨɫɬɨɹɧɧɵɦ ɨɬɧɨɲɟɧɢɟɦ 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɜ ɷɬɨɦ ɫɥɨɟ ɤ ɩɪɟɞɟɥɶɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ C/C0) ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɭɪɚɜɧɟɧɢɟɦ [2]:  
 
         ݔ = 𝐾√ܦ˕˓ ∙ 𝜏, (1.4) 
ɝɞɟ ܦ˕˓ – ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜ ɬɜɟɪɞɨɦ; 
K – ɤɨɧɫɬɚɧɬɚ, ɡɚɜɢɫɹɳɚɹ ɨɬ C/C0;  𝜏– ɜɪɟɦɹ. 
Ɋɚɫɫɦɨɬɪɢɦ ɞɢɮɮɭɡɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ ɛɨɥɟɟ ɩɨɞɪɨɛɧɨ. Ⱦɥɹ ɩɪɨɫɬɟɣɲɢɯ 
ɫɥɭɱɚɟɜ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɡɚɤɨɧɵ Ɏɢɤɚ ɢɦɟɸɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ [3]. 
ɉɟɪɜɵɣ ɡɚɤɨɧ Ɏɢɤɚ ɜ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɮɨɪɦɟ: 
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         ݆ = −ܦܵ 𝜕஼ሺ௫ሻ𝜕௫ , (1.5) 
ɝɞɟ j – ɩɨɬɨɤ ɞɢɮɮɭɧɞɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ ɱɟɪɟɡ ɟɞɢɧɢɰɭ ɩɨɜɟɪɯɧɨɫɬɢ S.  
ɍɪɚɜɧɟɧɢɟ (1.5) ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɤɨɪɨɫɬɶ ɩɪɨɧɢɤɧɨɜɟɧɢɹ 
ɞɢɮɮɭɧɞɢɪɭɸɳɟɝɨ ɜɟɳɟɫɬɜɚ, ɱɟɪɟɡ ɟɞɢɧɢɰɭ ɩɨɜɟɪɯɧɨɫɬɢ ɫɪɟɞɵ ɩɪɢ 
ɫɬɚɰɢɨɧɚɪɧɨɦ ɫɨɫɬɨɹɧɢɢ ɩɨɬɨɤɚ. ɋɤɨɪɨɫɬɶ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɜɵɪɚɠɚɟɬɫɹ ɱɟɪɟɡ 
ɝɪɚɞɢɟɧɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢ ɩɨɫɬɨɹɧɧɭɸ ɜɟɥɢɱɢɧɭ – ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ D 
[3].  
ȼɬɨɪɨɣ ɡɚɤɨɧ Ɏɢɤɚ ɜ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɮɨɪɦɟ: 
          𝜕஼ሺ௫,𝑡ሻ𝜕𝑡 = ܦ ∂2Cሺx,tሻ∂x2 . (1.6) 
ɍɪɚɜɧɟɧɢɟ (1.6) ɜɵɪɚɠɚɟɬ ɧɚɤɨɩɥɟɧɢɟ ɞɢɮɮɭɧɞɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ ɜ 
ɨɩɪɟɞɟɥɟɧɧɨɣ ɬɨɱɤɟ, ɤɚɤ ɮɭɧɤɰɢɸ ɜɪɟɦɟɧɢ. Ⱦɚɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɯɚɪɚɤɬɟɪɢɡɭɟɬ 
ɧɟɫɬɚɰɢɨɧɚɪɧɨɟ ɫɨɫɬɨɹɧɢɟ ɩɨɬɨɤɚ [3].  
ȼ ɫɥɭɱɚɟ ɬɪɟɯɦɟɪɧɨɣ ɞɢɮɮɭɡɢɢ ɩɟɪɜɵɣ ɡɚɤɨɧ Ɏɢɤɚ ɢɦɟɟɬ ɜɢɞ [3]: 
ɝɞɟ ∇ – ɨɩɟɪɚɬɨɪ Ƚɚɦɢɥɶɬɨɧɚ, ɤɨɬɨɪɵɣ ɡɚɩɢɫɵɜɚɟɬɫɹ  ∇= ∂𝜕௫ + 𝜕𝜕௫ + 𝜕𝜕௭  
ȼɬɨɪɨɣ ɡɚɤɨɧ Ɏɢɤɚ: 
             𝜕ܥ 𝜕𝑡 = ܦ ቆ𝜕ଶܥ𝜕ݔଶ + 𝜕ଶܥ𝜕ݕଶ + 𝜕ଶܥ𝜕ݖଶ ቇ = −ܦ݀݅𝑣 𝑔ݎ𝑎݀ܥ = −ܦ∆ܥ  (1.8) 
ɝɞɟ ∇ ≡ ∆ – ɨɩɟɪɚɬɨɪ Ʌɚɩɥɚɫɚ, ɤɨɬɨɪɵɣ ɡɚɩɢɫɵɜɚɟɬɫɹ  ∆ = 𝜕2𝜕௫2 + 𝜕2𝜕௬2 + 𝜕2𝜕௭2. 
 
Ɂɚɦɟɬɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɩɪɨɰɟɫɫɵ ɞɢɮɮɭɡɢɢ ɜ ɦɟɬɚɥɥɚɯ ɨɤɚɡɵɜɚɸɬ 
ɧɟɫɨɜɟɪɲɟɧɫɬɜɚ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɫɬɪɨɟɧɢɹ. ɋ ɩɨɜɵɲɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɬɚɤɢɯ 
           ݆ = (−ܦ  𝜕ܥ 𝜕ݔ +  𝜕ܥ 𝜕ݕ +  𝜕ܥ 𝜕ݖ) =  −ܦ𝑔ݎ𝑎݀ܥ = −ܦ∇C, (1.7) 
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ɧɟɫɨɜɟɪɲɟɧɫɬɜ (ɜɚɤɚɧɫɢɣ, ɞɢɫɥɨɤɚɰɢɹ, ɝɪɚɧɢɰ ɡɟɪɟɧ, ɭɩɪɭɝɢɯ ɢɫɤɚɠɟɧɢɣ 
ɪɟɲёɬɤɢ) ɤɨɷɮɮɢɰɢɟɧɬɵ ɞɢɮɮɭɡɢɢ ɜɨɡɪɚɫɬɚɸɬ [2-3]. 
Ɇɨɠɧɨ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɜɫɟ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɜɵɤɥɚɞɤɢ ɩɨ ɞɢɮɮɭɡɢɨɧɧɵɦ 
ɩɪɨɰɟɫɫɚɦ ɛɚɡɢɪɭɸɬɫɹ ɧɚ ɞɜɭɯ ɡɚɤɨɧɚɯ, ɭɫɬɚɧɨɜɥɟɧɧɵɯ Ɏɢɤɨɦ. 
 
1.2 Ɋɟɚɤɬɢɜɧɚя ɞɢɮɮɭɡɢя ɜ ɦɟɬɚɥɥɚɯ ɢ ɫɩɥɚɜɚɯ, ɤɢɧɟɬɢɤɚ 
ɨɛɪɚɡɨɜɚɧɢя ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɮɚɡ  
 
Ɋɟɚɤɬɢɜɧɚɹ ɞɢɮɮɭɡɢɹ – ɷɬɨ ɩɪɨɰɟɫɫ ɨɛɪɚɡɨɜɚɧɢɹ ɧɨɜɵɯ ɮɚɡ, ɤɨɬɨɪɵɟ 
ɨɬɥɢɱɧɵ ɨɬ ɢɫɯɨɞɧɵɯ. ɗɬɚ ɞɢɮɮɭɡɢɹ ɩɪɨɬɟɤɚɟɬ ɜɧɭɬɪɢ ɨɬɞɟɥɶɧɨɣ ɮɚɡɵ. ɇɚ 
ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɮɚɡ ɮɢɤɫɢɪɭɸɬɫɹ ɤɨɧɤɪɟɬɧɵɟ ɫɨɫɬɚɜɵ, ɤɨɬɨɪɵɟ 
ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɝɪɚɧɢɰɚɦ ɞɜɭɯɮɚɡɧɨɣ ɨɛɥɚɫɬɢ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ ɮɚɡ ɧɚ 
ɞɢɚɝɪɚɦɦɟ ɫɨɫɬɨɹɧɢɹ. Ʉɨɧɰɟɧɬɪɚɰɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨ ɲɢɪɢɧɟ ɞɢɮɮɭɡɢɨɧɧɨɝɨ 
ɫɥɨɹ ɩɪɢ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɤɚɱɤɚɦɢ ɤɨɧɰɟɧɬɪɚɰɢɣ ɜ ɦɟɫɬɚɯ 
ɩɟɪɟɯɨɞɨɜ ɨɞɧɨɣ ɮɚɡɵ ɜ ɞɪɭɝɭɸ. Ɋɟɡɭɥɶɬɚɬɨɦ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɹɜɥɹɸɬɫɹ 
ɯɢɦɢɱɟɫɤɢɟ ɫɨɟɞɢɧɟɧɢɹ (ɩɪɨɦɟɠɭɬɨɱɧɵɟ ɮɚɡɵ).  
Ɇɟɯɚɧɢɡɦɵ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɧɚ ɝɪɚɧɢɰɟ ɬɜɟɪɞɨɝɨ ɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɨɜ 
ɩɪɢ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɞɟɥɹɬɫɹ ɧɚ ɬɪɢ ɜɢɞɚ [5-7]: 
1 Ɋɟɡɭɥɶɬɚɬɨɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ A ɢ B ɹɜɥɹɟɬɫɹ ɯɢɦɢɱɟɫɤɚɹ ɪɟɚɤɰɢɹ ɫ 
ɨɛɪɚɡɨɜɚɧɢɟɦ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ AmBn, ɫɤɨɪɨɫɬɶ ɪɟɚɤɰɢɢ ɧɟ ɫɜɹɡɚɧɚ ɫ 
ɪɚɫɬɜɨɪɟɧɢɟɦ. 
2 Ɉɫɭɳɟɫɬɜɥɹɟɬɫɹ ɞɢɮɮɭɡɢɟɣ ɤɨɦɩɨɧɟɧɬɨɜ ɠɢɞɤɨɝɨ ɫɩɥɚɜɚ ɜ ɬɜɟɪɞɵɣ, 
ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɪɟɲɟɬɤɚ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɩɟɪɟɫɬɪɚɢɜɚɟɬɫɹ ɜ ɪɟɲɟɬɤɭ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɭɸ ɢɧɬɟɪɦɟɬɚɥɥɢɞɧɨɦɭ ɫɨɟɞɢɧɟɧɢɸ, ɩɨ ɞɨɫɬɢɠɟɧɢɸ 
ɩɪɟɞɟɥɶɧɨɣ ɪɚɫɬɜɨɪɢɦɨɫɬɢ (Cx). 
3 ɉɨɝɪɭɠɟɧɢɟɦ ɜ ɠɢɞɤɢɣ ɦɟɬɚɥɥ (B) ɬɭɝɨɩɥɚɜɤɢɣ (A). 
ɂɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɨɟ ɫɨɟɞɢɧɟɧɢɟ ɨɛɪɚɡɭɟɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ 
(А) ɢ (В) ɜ ɧɚɫɵɳɟɧɧɨɦ ɪɚɫɩɥɚɜɟ ɤɨɦɩɨɧɟɧɬɨɦ A. ɉɟɪɜɨɣ ɨɛɪɚɡɭɟɬɫɹ ɮɚɡɚ, 
ɧɚɯɨɞɹɳɚɹɫɹ ɜ ɪɚɜɧɨɜɟɫɧɨɦ ɫɨɫɬɨɹɧɢɢ ɫ ɠɢɞɤɢɦ ɪɚɫɬɜɨɪɨɦ ɩɪɢ ɞɚɧɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɟ (ɫɚɦɚɹ ɥɟɝɤɨɩɥɚɜɤɚɹ ɮɚɡɚ ɩɪɢ ɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ). ɉɨɹɜɥɟɧɢɟ 
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ɮɚɡɵ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ ɦɨɠɟɬ ɛɵɬɶ ɧɟ ɩɨ ɩɨɪɹɞɤɭ ɢɯ ɱɟɪɟɞɨɜɚɧɢɹ, (ɜ 
ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɞɢɚɝɪɚɦɦɨɣ ɫɨɫɬɨɹɧɢɹ), ɜ ɭɫɥɨɜɢɹɯ ɧɟɪɚɜɧɨɜɟɫɧɨɝɨ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɬɜɟɪɞɨɣ ɢ ɠɢɞɤɨɣ ɮɚɡɵ [5, 6]. 
Ⱥɜɬɨɪɨɦ ɪɚɛɨɬɵ [5] ɢɡɭɱɟɧɚ ɩɪɢɪɨɞɚ ɮɚɡ, ɨɛɪɚɡɭɸɳɢɯɫɹ ɩɪɢ ɜɡɚɢɦɧɨɣ 
ɞɢɮɮɭɡɢɢ ɜ ɫɢɫɬɟɦɚɯ Cu–Zn, Fe–Zn, Ag–Zn, Ag–Cd, ɢ Cu–Cd.  ȼ ɯɨɞɟ 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɵɥɨ ɜɵɹɜɥɟɧɨ, ɱɬɨ ɜ ɭɫɥɨɜɢɹɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɦɟɬɚɥɥɨɜ ɜ 
ɬɜɟɪɞɨɦ ɫɨɫɬɨɹɧɢɢ ɨɛɪɚɡɭɟɬɫɹ ɮɚɡɚ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ, ɧɟ ɡɚɜɢɫɹɳɚɹ ɨɬ 
ɩɪɟɞɟɥɶɧɨɣ ɪɚɫɬɜɨɪɢɦɨɫɬɢ ɜ ɪɟɲɟɬɤɚɯ ɞɢɮɮɭɧɞɢɪɭɸɳɢɯ ɦɟɬɚɥɥɨɜ. 
ɂɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɟ ɮɚɡɵ ɨɛɪɚɡɨɜɵɜɚɥɢɫɶ ɜ ɪɟɡɭɥɶɬɚɬɟ ɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ, 
ɱɬɨ ɯɚɪɚɤɬɟɪɧɨ ɞɥɹ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ.  Ɉɛɪɚɡɨɜɚɧɢɟ «ɪɟɚɤɬɢɜɧɵɯ ɮɚɡ», 
ɧɚɢɛɨɥɟɟ ɚɤɬɢɜɧɨ ɩɪɨɢɫɯɨɞɢɥɨ ɜ ɫɢɫɬɟɦɟ Ag–Cd. 
ȼ. Ɂ. Ȼɭɝɚɤɨɜɵɦ [5] ɛɵɥɚ ɩɨɞɪɨɛɧɨ ɢɡɭɱɟɧɚ ɤɢɧɟɬɢɤɚ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ 
ɩɪɢ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ. Ȼɵɥɨ ɜɵɹɫɧɟɧɨ, ɱɬɨ ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ 
(ɭɜɟɥɢɱɟɧɢɟ ɬɨɥɳɢɧɵ ɞɢɮɮɭɡɢɨɧɧɵɯ ɫɥɨɟɜ ɫɨ ɜɪɟɦɟɧɟɦ), ɤɚɤ ɩɪɚɜɢɥɨ, 
ɩɨɞɱɢɧɹɟɬɫɹ ɩɚɪɚɛɨɥɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ: 
 
 ݕଶ = ʹܲ𝜏 (1.9) 
ɝɞɟ y – ɬɨɥɳɢɧɚ ɫɥɨɹ (ɦɤɦ); 
      𝜏 – ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɶ ɞɢɮɮɭɡɢɢ (ɱ); 
     2ɪ – ɩɚɪɚɦɟɬɪ ɩɚɪɚɛɨɥɵ (ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ, ɩɪɨɩɨɪɰɢɨɧɚɥɟɧ 
ɤɨɷɮɮɢɰɢɟɧɬɭ ɞɢɮɮɭɡɢɢ) (ɦ2/ɫ). 
Ɍɚɤɠɟ ɞɥɹ ɜɫɟɯ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɫɢɫɬɟɦ [5], ɫɨɯɪɚɧɹɟɬɫɹ 
ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɞɢɮɮɭɡɢɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ: 
 
 ʹ݌ ≅ ܦ = ܦ଴−ொ/ோ் (1.10) 
ɝɞɟ D – ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ (ɦ2/ɫ); 
      Q – ɷɧɟɪɝɢɹ ɚɤɬɢɜɚɰɢɢ ɞɢɮɮɭɡɢɢ (ɤɚɥ/ɦɨɥɶ); 
      R – ɭɧɢɜɟɪɫɚɥɶɧɚɹ ɝɚɡɨɜɚɹ ɩɨɫɬɨɹɧɧɚɹ (Ⱦɠ/ɦɨɥɶ·Ʉ); 
      ܦ଴– ɩɪɟɞɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɣ ɦɧɨɠɢɬɟɥɶ; 
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      T – ɚɛɫɨɥɸɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ (Ʉ). 
ɉɪɢ ɞɢɮɮɭɡɢɢ ɜ ɢɧɬɟɪɦɟɬɚɥɥɢɞɧɨɣ ɮɚɡɟ ɩɚɪɚɦɟɬɪɵ Q ɢ D0, ɫɱɢɬɚɸɬɫɹ 
ɛɨɥɟɟ ɩɨɫɬɨɹɧɧɵɦɢ, ɬɚɤ ɤɚɤ ɡɨɧɚ ɨɛɥɚɫɬɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɛɨɥɟɟ ɨɝɪɚɧɢɱɟɧɚ, ɱɟɦ 
ɩɪɢ ɚɬɨɦɧɨɣ ɞɢɮɮɭɡɢɢ [5].  
ɉɪɨɰɟɫɫɵ ɨɛɪɚɡɨɜɚɧɢɹ ɧɨɜɵɯ ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ ɧɚ 
ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɬɜɟɪɞɨɣ ɢ ɠɢɞɤɨɣ ɮɚɡ ɢɦɟɸɬ ɫɭɳɟɫɬɜɟɧɧɭɸ ɩɪɚɤɬɢɱɟɫɤɭɸ 
ɡɧɚɱɢɦɨɫɬɶ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɧɨɜɵɯ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ, 
ɬɚɤ ɤɚɤ ɨɧɢ ɮɨɪɦɢɪɭɸɬ ɤɨɦɩɥɟɤɫ ɫɜɨɣɫɬɜ ɩɚɹɧɵɯ ɫɨɟɞɢɧɟɧɢɣ [7].  
Ɍɚɤ, ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɠɢɞɤɨɝɨ ɝɚɥɥɢɹ ɫ ɛɨɥɟɟ ɬɭɝɨɩɥɚɜɤɢɦɢ ɦɟɬɚɥɥɚɦɢ 
(Cu, Ag, Fe, Ni, Al, Co ɢ ɞɪ.) ɢ ɫɩɥɚɜɚɦɢ ɩɪɨɢɫɯɨɞɢɬ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ 
ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɮɚɡ (ɢɧɬɟɪɦɟɬɚɥɥɢɞɨɜ), ɱɬɨ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɬɶ 
ɝɚɥɥɢɣ ɤɚɤ ɨɫɧɨɜɭ ɞɥɹ ɛɨɥɶɲɨɝɨ ɪɹɞɚ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɯ ɩɚɫɬ-
ɩɪɢɩɨɟɜ. 
 
1.3 Ɂɚɜɢɫɢɦɨɫɬɶ ɬɟɦɩɟɪɚɬɭɪɵ ɩɥɚɜɥɟɧɢя ɨɬ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ 
ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɵɯ ɩɪɢɩɨɟɜ 
 
ɂɡɜɟɫɬɧɵɟ ɝɚɥɥɢɟɜɵɟ ɩɪɢɩɨɢ ɢɦɟɸɬ ɧɚɢɛɨɥɟɟ ɧɢɡɤɭɸ ɬɟɦɩɟɪɚɬɭɪɭ 
ɩɥɚɜɥɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɢɧɞɢɟɜɵɦɢ ɩɪɢɩɨɹɦɢ, ɯɨɪɨɲɨ ɫɦɚɱɢɜɚɸɬ 
ɛɨɥɶɲɢɧɫɬɜɨ ɦɟɬɚɥɥɨɜ, ɜɟɫɶɦɚ ɤɨɪɪɨɡɢɨɧɧɨɫɬɨɣɤɢɣ. Ȼɥɚɝɨɞɚɪɹ ɛɨɥɶɲɨɣ 
ɞɢɮɮɭɡɢɨɧɧɨɣ ɩɨɞɜɢɠɧɨɫɬɢ ɝɚɥɥɢɹ ɩɪɨɱɧɨɫɬɶ ɩɚɹɧɧɵɯ ɫɨɟɞɢɧɟɧɢɣ 
ɫɭɳɟɫɬɜɟɧɧɨ ɩɨɜɵɲɚɟɬɫɹ. ɏɢɦɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɢɧɞɢɟɜɵɯ ɢ ɝɚɥɥɢɟɜɵɯ ɩɪɢɩɨɟɜ 
ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɚɯ 1 ɢ 2 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ [32].  
 
Ɍɚɛɥɢɰɚ 1 – ɏɢɦɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɢ ɬɟɦɩɟɪɚɬɭɪɚ ɩɥɚɜɥɟɧɢɹ ɢɧɞɢɟɜɵɯ 
ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɵɯ ɩɪɢɩɨɟɜ 
ɇɨɦɟɪ 
ɫɨɫɬɚɜɚ 
ɋɨɞɟɪɠɚɧɢɟ ɷɥɟɦɟɧɬɨɜ, % Ɍɟɦɩɟɪɚɬɭɪɚ 
ɩɥɚɜɥɟɧɢɹ, °ɋ In Cd Pd Cn Ag Zn Ti 
1 25,0 - 75,0 - - - - 231 
2 80,0 - 15,0 - 5,0 - - 156 
3 97,2 - - - - 2,8 - 143 
4 42,8 - 7,8 46,8 - - 2,6 121 
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Ɉɤɨɧɱɚɧɢɟ ɬɚɛɥɢɰɵ 1 
ɇɨɦɟɪ 
ɫɨɫɬɚɜɚ 
ɋɨɞɟɪɠɚɧɢɟ ɷɥɟɦɟɧɬɨɜ, % Ɍɟɦɩɟɪɚɬɭɪɚ 
ɩɥɚɜɥɟɧɢɹ, °ɋ In Cd Pd Cn Ag Zn Ti 
5 50,0 - - 50,0 - - - 120 
6 44,2 - - 46,8 - - 9,0 117 
7 74,0 24,25 - - - 1,75 - 116 
8 48,2 - 4,0 46,0 - 1,8 - 108 
 
Ɍɚɛɥɢɰɚ 2 – ɏɢɦɢɱɟɫɤɢɣ ɫɨɫɬɚɜ ɢ ɬɟɦɩɟɪɚɬɭɪɚ ɩɥɚɜɥɟɧɢɹ ɝɚɥɥɢɟɜɵɯ ɩɪɢɩɨɟɜ 
ɇɨɦɟɪ 
ɫɨɫɬɚɜɚ 
ɋɨɞɟɪɠɚɧɢɟ ɷɥɟɦɟɧɬɨɜ, % Ɍɟɦɩɟɪɚɬɭɪɚ 
ɩɥɚɜɥɟɧɢɹ, °ɋ Ga Te Zn Sn   In Ag  
1 100,0 - - - - - 29,8 
2 99,5 0,5 - - - - 27,3 
3 95,0 - 5,0 - - - 25,0 
4 92,0 - - 8,0 - - 20,0 
5 82,0 - 6,0 12,0  - 17,0 
6 76,0 - - - 24,0 - 16,0 
7 67,0 - 4,0 - 29,0 - 13,0 
8 62,0 - - 13,0 25,0 - 5,0 
9 55,0 - - 11,0 25,0 - 10,6 
 
1.4 Аɥɶɬɟɪɧɚɬɢɜɧɨɟ ɩɪɢɦɟɧɟɧɢɟ ɝɚɥɥɢя ɢ ɩɪɢɩɨɟɜ ɧɚ ɟɝɨ ɨɫɧɨɜɟ 
 
Ʉɨɦɩɨɡɢɰɢɨɧɧɵɟ ɫɩɥɚɜɵ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ, ɢɧɞɢɹ, ɜɢɫɦɭɬɚ ɩɪɢɦɟɧɹɸɬ 
ɞɥɹ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɟɣ ɩɚɣɤɢ ɪɚɡɧɨɪɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ 
ɯɨɥɨɞɧɨɝɨ ɛɟɫɮɥɸɫɨɜɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɦɟɬɚɥɥɨɜ, ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɢ ɩɶɟɡɨ-
ɦɚɬɟɪɢɚɥɨɜ, ɫɬɟɤɥɚ, ɤɟɪɚɦɢɤɢ, ɚ ɬɚɤɠɟ ɞɥɹ ɭɫɬɪɚɧɟɧɢɹ ɬɪɟɳɢɧ ɢ ɞɟɮɟɤɬɨɜ 
(ɤɚɜɟɪɧ) ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɞɟɥɢɣ. ȼ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ ɞɢɮɮɭɡɢɨɧɧɨ-
ɬɜɟɪɞɟɸɳɢɣ ɤɨɦɩɨɡɢɬ ɫɨɫɬɨɢɬ ɢɡ ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɨɝɨ ɥɟɝɤɨɩɥɚɜɤɨɝɨ ɫɩɥɚɜɚ 
ɢ ɬɜɟɪɞɵɯ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ ɧɚɩɨɥɧɢɬɟɥɟɣ (ɱɢɫɬɵɯ ɦɟɬɚɥɥɨɜ, ɫɩɥɚɜɨɜ, 
ɯɢɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ - ɨɤɫɢɞɨɜ, ɤɚɪɛɢɞɨɜ ɢ ɞɪ. ɢɥɢ ɢɧɟɪɬɧɵɯ 
ɧɚɩɨɥɧɢɬɟɥɟɣ, ɜɤɥɸɱɚɹ ɜɨɥɨɤɧɚ). ɇɚɩɨɥɧɢɬɟɥɢ ɜɥɢɹɸɬ ɧɚ ɦɟɯɚɧɢɱɟɫɤɢɟ, 
ɬɟɪɦɢɱɟɫɤɢɟ, ɤɨɪɪɨɡɢɨɧɧɵɟ ɢ ɞɪ. ɫɜɨɣɫɬɜɚ ɩɪɢɩɨɹ. ɋɨɫɬɚɜɵ ɧɚ ɨɫɧɨɜɟ 
ɠɢɞɤɨɝɨ ɫɩɥɚɜɚ ɢ ɩɨɪɨɲɤɚ ɧɚɩɨɥɧɢɬɟɥɹ ɹɜɥɹɸɬɫɹ ɧɟɪɚɜɧɨɜɟɫɧɵɦɢ ɢ ɬɜɟɪɞɟɸɬ 
ɡɚ ɫɱɟɬ ɞɢɮɮɭɡɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɩɪɢ ɨɛɵɱɧɵɯ ɤɨɦɧɚɬɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɢɥɢ 
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ɫɥɚɛɨɦ ɧɚɝɪɟɜɚɧɢɢ. ɂɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɟ ɫɨɟɞɢɧɟɧɢɹ (ɂɆɋ), ɨɛɪɚɡɭɸɳɢɟɫɹ ɜ 
ɪɟɡɭɥɶɬɚɬɟ ɯɢɦɢɱɟɫɤɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɢɫɯɨɞɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɫɦɟɫɟɣ, 
ɫɧɢɠɚɸɬ ɩɥɚɫɬɢɱɟɫɤɢɟ ɩɨɤɚɡɚɬɟɥɢ ɩɨɥɭɱɚɟɦɵɯ ɫɩɥɚɜɨɜ, ɧɨ ɩɨɹɜɥɹɸɬɫɹ ɞɪɭɝɢɟ 
ɫɜɨɣɫɬɜɚ, ɛɥɚɝɨɩɪɢɹɬɫɬɜɭɸɳɢɟ ɢɯ ɬɟɯɧɢɱɟɫɤɨɦɭ ɢɫɩɨɥɶɡɨɜɚɧɢɸ. Ʉɚɤ 
ɩɪɚɜɢɥɨ, ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɫɨɫɬɚɜɚ ɩɪɢɩɨɹ ɧɚɛɥɸɞɚɟɬɫɹ ɷɤɫɬɪɟɦɚɥɶɧɨɟ 
ɢɡɦɟɧɟɧɢɟ ɫɜɨɣɫɬɜ ɫɩɚɹ ɫ ɧɟɨɛɯɨɞɢɦɵɦ ɷɮɮɟɤɬɨɦ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɨɦ ɩɪɨɰɟɧɬɟ 
ɧɚɩɨɥɧɢɬɟɥɹ [36]. 
 
Пɪɢɦɟɧɟɧɢɟ ɝɚɥɥɢɟɜɨ-ɢɧɞɢɟɜыɯ ɠɢɞɤɢɯ ɫɩɥɚɜɨɜ 
ɋɩɥɚɜɵ ɢ ɫɨɟɞɢɧɟɧɢɹ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ ɢ ɢɧɞɢɹ ɨɛɥɚɞɚɸɬ ɜɟɫɶɦɚ 
ɰɟɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ. ɋ ɨɞɧɨɣ ɫɬɨɪɨɧɵ, ɷɬɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɩɪɢɛɨɪɵ, 
ɨɫɧɨɜɚɧɧɵɟ ɧɚ ɫɨɟɞɢɧɟɧɢɹɯ ȺIIIBV ɢ ȺIIIBVI, ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɢ ɫ ɞɪɭɝɨɣ 
ɫɬɨɪɨɧɵ, ɬɟɩɥɨɧɨɫɢɬɟɥɢ ɚɬɨɦɧɵɯ ɪɟɚɤɬɨɪɨɜ, ɫɦɚɡɨɱɧɵɟ ɦɚɬɟɪɢɚɥɵ, 
ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɟ ɬɟɪɦɨɩɚɪɵ ɢ ɞɪ. ɂɡɜɟɫɬɧɚ ɬɚɤɠɟ ɫɪɚɜɧɢɬɟɥɶɧɨ ɧɨɜɚɹ 
ɨɛɥɚɫɬɶ ɩɪɢɦɟɧɟɧɢɹ ɫɩɥɚɜɨɜ ɝɚɥɥɢɹ ɫ ɢɧɞɢɟɦ – ɢɡɝɨɬɨɜɥɟɧɢɟ 
ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ɩɪɢɩɨɟɜ, ɢɦɟɸɳɢɯ ɛɨɥɶɲɨɟ ɡɧɚɱɟɧɢɟ ɞɥɹ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɬɟɯɧɢɤɢ. ɋɭɳɟɫɬɜɟɧɧɨɟ ɩɪɟɢɦɭɳɟɫɬɜɨ ɢɯ ɡɚɤɥɸɱɚɟɬɫɹ ɜ 
ɬɨɦ, ɱɬɨ ɨɧɢ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ ɢ ɩɪɢɦɟɧɹɸɬɫɹ 
ɞɥɹ ɩɪɢɩɚɢɜɚɧɢɹ ɧɟ ɬɨɥɶɤɨ ɦɟɬɚɥɥɢɱɟɫɤɢɯ, ɧɨ ɢ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ [4] 
ɉɪɢ ɞɨɛɚɜɥɟɧɢɢ ɜ ɝɚɥɥɢɣ 30% In ɜɵɡɵɜɚɟɬ ɜ ɫɩɟɤɬɪɟ ɫɜɟɬɨɜɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɩɥɚɜɚ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɩɨɥɨɫɵ ɩɨɝɥɨɳɟɧɢɹ, ɤɨɧɰɟɧɬɪɚɰɢɹ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɩɪɢ ɷɬɨɦ ɨɫɬɚɟɬɫɹ ɩɨɫɬɨɹɧɧɨɣ, ɧɨ ɫɭɳɟɫɬɜɟɧɧɨ 
ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɱɚɫɬɨɬɚ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɧɨɜ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɚ 
ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɭɦɟɧɶɲɚɟɬɫɹ ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶ ɠɢɞɤɨɝɨ ɫɩɥɚɜɚ [33]. 
 
Дɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸщɢɟ ɩɪɢɩɨɢ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ ɢ ɦɟɞɢ 
Ⱦɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɟ ɫɩɥɚɜɵ (ȾɌɋ), ɫɨɫɬɨɹɳɢɟ ɜ ɢɫɯɨɞɧɨɦ 
ɫɨɫɬɨɹɧɢɢ ɢɡ ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɵɯ ɥɟɝɤɨɩɥɚɜɤɢɯ ɫɩɥɚɜɨɜ ɢ ɩɨɪɨɲɤɨɜ 
ɪɚɡɥɢɱɧɵɯ ɦɟɬɚɥɥɨɜ, ɚ ɬɚɤɠɟ ɢɧɟɪɬɧɵɯ ɧɚɩɨɥɧɢɬɟɥɟɣ, ɧɚɯɨɞɹɬ ɜɫɟ ɛɨɥɟɟ 
ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜ ɬɟɯɧɢɤɟ. ɗɬɢ ɫɨɫɬɚɜɵ (ɜ ɜɢɞɟ ɩɚɫɬɵ) ɹɜɥɹɸɬɫɹ 
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ɧɟɪɚɜɧɨɜɟɫɧɵɦɢ ɢ ɬɜɟɪɞɟɸɬ ɡɚ ɫɱɟɬ ɞɢɮɮɭɡɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɩɪɢ ɨɛɵɱɧɵɯ 
ɤɨɦɧɚɬɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɢɥɢ ɩɪɢ ɫɥɚɛɨɦ ɧɚɝɪɟɜɚɧɢɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ 
ɯɢɦɢɱɟɫɤɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɩɪɨɢɫɯɨɞɢɬ ɨɛɪɚɡɨɜɚɧɢɟ ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɯ 
ɫɨɟɞɢɧɟɧɢɣ ɢ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ, ɢɦɟɸɳɢɯ ɛɨɥɟɟ ɜɵɫɨɤɢɟ ɬɟɦɩɟɪɚɬɭɪɵ 
ɩɥɚɜɥɟɧɢɹ, ɱɟɦ ɷɬɢ ɩɚɪɚɦɟɬɪɵ ɭ ɫɨɫɬɚɜɥɹɸɳɢɯ ɢɯ ɥɟɝɤɨɩɥɚɜɤɢɯ ɦɟɬɚɥɥɨɜ. 
ɉɪɢ ɧɚɥɢɱɢɢ ɢɧɬɟɪɦɟɬɚɥɥɢɞɨɜ ɫɧɢɠɚɸɬɫɹ ɩɥɚɫɬɢɱɟɫɤɢɟ ɩɨɤɚɡɚɬɟɥɢ ɫɩɥɚɜɨɜ, 
ɧɨ ɩɨɹɜɥɹɸɬɫɹ ɞɪɭɝɢɟ ɫɜɨɣɫɬɜɚ, ɛɥɚɝɨɩɪɢɹɬɫɬɜɭɸɳɢɟ ɢɯ ɬɟɯɧɢɱɟɫɤɨɦɭ 
ɢɫɩɨɥɶɡɨɜɚɧɢɸ. ɉɨɫɪɟɞɫɬɜɨɦ ɧɢɡɤɨɣ ɬɟɦɩɟɪɚɬɭɪɵ, ɯɨɪɨɲɟɣ ɫɦɚɱɢɜɚɸɳɟɣ 
ɫɩɨɫɨɛɧɨɫɬɢ, ɩɚɫɬɨɨɛɪɚɡɧɨɣ ɤɨɧɫɢɫɬɟɧɰɢɢ ɫɨɫɬɚɜɚ ɢɫɤɥɸɱɚɸɬ 
ɪɚɫɬɪɟɫɤɢɜɚɧɢɟ, ɞɟɮɨɪɦɚɰɢɸ, ɨɤɢɫɥɟɧɢɟ ɢɡɞɟɥɢɹ, ɚ ɡɚ ɫɱɟɬ ɨɬɤɚɡɚ ɨɬ 
ɩɪɢɦɟɧɟɧɢɹ ɮɥɸɫɨɜ ɩɪɢ ɩɚɣɤɟ ɭɫɬɪɚɧɹɸɬ ɞɨɩɨɥɧɢɬɟɥɶɧɨɟ ɡɚɝɪɹɡɧɟɧɢɟ 
ɩɨɜɟɪɯɧɨɫɬɢ [34]. 
 
Пɪɨɟɤɬɢɪɨɜɚɧɢɟ ɬɟɯɧɨɥɨɝɢɢ ɩɨɥɭчɟɧɢɹ ɜыɫɨɤɨɷɧɬɪɚɩɢɣɧыɯ ɫɩɥɚɜɨɜ 
(ɩɪɢɩɨɟɜ) ɫɢɫɬɟɦы Cu–Ga-Pb–Sn–Bi 
ȼɵɫɨɤɚɹ ɷɧɬɪɨɩɢɹ ɫɦɟɲɢɜɚɧɢɹ ɜ ɩɪɨɰɟɫɫɟ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ 
ɫɬɚɛɢɥɢɡɢɪɭɟɬ ɨɛɪɚɡɨɜɚɧɢɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɢ ɩɪɟɞɨɬɜɪɚɳɚɟɬ ɨɛɪɚɡɨɜɚɧɢɟ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɧɵɯ ɮɚɡ. Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɟɟ ɜɵɫɨɤɨɝɨ ɡɧɚɱɟɧɢɹ ɫɩɥɚɜ ɞɨɥɠɟɧ, 
ɤɚɤ ɩɪɚɜɢɥɨ, ɫɨɫɬɨɹɬɶ ɢɡ ɩɹɬɢ ɢ ɛɨɥɟɟ ɨɫɧɨɜɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɜɡɹɬɵɯ ɜ ɪɚɜɧɵɯ 
ɚɬɨɦɧɵɯ ɞɨɥɹɯ. ɂɡ ɨɩɵɬɚ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɜɚɠɧɵɦ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɦ ɮɚɤɬɨɪɨɦ, 
ɨɛɟɫɩɟɱɢɜɚɸɳɢɦ ɩɨɥɭɱɟɧɢɟ ɜɵɫɨɤɨɷɧɬɪɨɩɢɣɧɨɝɨ ɫɩɥɚɜɚ, ɹɜɥɹɟɬɫɹ 
ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɚɹ ɫɤɨɪɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɦɟɬɚɥɥɚ ɜ ɠɢɞɤɨɦ ɢ ɬɜɟɪɞɨɦ 
ɫɨɫɬɨɹɧɢɹɯ, ɤɨɬɨɪɚɹ ɧɟ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɢ ɪɚɡɜɢɬɢɹ ɞɢɮɮɭɡɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ, 
ɩɪɢɜɨɞɹɳɢɯ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɯɢɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ, ɬɨ ɟɫɬɶ ɤ ɪɚɫɩɚɞɭ 
ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɤ ɫɧɢɠɟɧɢɸ ɷɧɬɪɨɩɢɢ ɫɦɟɲɢɜɚɧɢɹ [35]. 
 
1.5 Ʉɢɧɟɬɢɤɚ ɨɛɪɚɡɨɜɚɧɢя ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɮɚɡ ɜ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ 
ɩɚɫɬɚɯ-ɩɪɢɩɨяɯ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢя 
 
ɇɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɩɨɥɭɱɟɧɢɟ ɧɨɜɵɯ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɯ ɩɚɫɬ-
ɩɪɢɩɨɟɜ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ ɫɬɚɧɨɜɢɬɫɹ ɜɫɟ ɛɨɥɟɟ ɚɤɬɭɚɥɶɧɨɣ ɬɟɦɨɣ. ɉɨɹɜɢɥɢɫɶ 
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ɡɚɞɚɱɢ ɩɨɥɭɱɚɬɶ ɪɚɡɧɨɪɨɞɧɵɟ ɫɨɟɞɢɧɟɧɢɹ ɬɢɩɚ ɦɟɬɚɥɥ–ɤɟɪɚɦɢɤɚ ɢ ɬ. ɞ., ɜ 
ɭɫɥɨɜɢɹɯ ɬɟɦɩɟɪɚɬɭɪɵ ɧɟ ɩɪɟɜɵɲɚɸɳɟɣ 25–300 °ɋ. ɉɪɢɦɟɧɟɧɢɟ ɩɚɫɬ-
ɩɪɢɩɨɟɜ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ ɩɨɡɜɨɥɹɟɬ ɪɟɲɢɬɶ ɞɚɧɧɵɟ ɡɚɞɚɱɢ [8-15].  
Ƚɚɥɥɢɟɜɵɟ ɩɚɫɬɵ-ɩɪɢɩɨɢ ɚɤɬɢɜɧɨ ɫɦɚɱɢɜɚɸɬ ɪɚɡɥɢɱɧɵɟ ɦɚɬɟɪɢɚɥɵ ɛɟɡ 
ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɮɥɸɫɨɜ. Ɉɞɧɚɤɨ, ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ 
ɩɚɹɧɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɨɩɪɟɞɟɥɹɸɬɫɹ ɞɢɮɮɭɡɢɨɧɧɵɦɢ ɩɪɨɰɟɫɫɚɦɢ ɦɟɠɞɭ 
ɚɬɨɦɚɦɢ ɤɨɦɩɨɡɢɬɨɜ-ɧɚɩɨɥɧɢɬɟɥɟɣ ɩɚɫɬɵ-ɩɪɢɩɨɹ ɢ ɫɨɟɞɢɧɹɟɦɨɝɨ ɦɚɬɟɪɢɚɥɚ. 
Ⱦɥɹ ɫɨɟɞɢɧɟɧɢɹ ɧɟɦɟɬɚɥɥɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ (ɫɬɟɤɥɨ, ɤɜɚɪɰ, ɤɟɪɚɦɢɤɚ ɢ ɬ. ɞ.)  
ɩɪɨɱɧɨɫɬɶ ɛɭɞɟɬ ɡɚɜɢɫɟɬɶ ɨɬ ɯɚɪɚɤɬɟɪɚ ɫɜɹɡɢ ɩɚɫɬɵ-ɩɪɢɩɨɹ ɢ ɫɨɟɞɢɧɹɟɦɨɝɨ 
ɦɚɬɟɪɢɚɥɚ [8-9].  
ɇɚɪɹɞɭ ɫ ɷɬɢɦ, ɫɜɨɣɫɬɜɚ ɩɚɹɧɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɡɚɜɢɫɹɬ ɢ ɨɬ ɫɩɨɫɨɛɚ 
ɩɪɢɝɨɬɨɜɥɟɧɢɹ, ɫɨɫɬɨɹɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɫɨɟɞɢɧɹɟɦɵɯ ɞɟɬɚɥɟɣ, ɜɟɥɢɱɢɧɵ 
ɡɚɡɨɪɚ ɢ ɬ. ɞ [8-9].   
ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɞɨɫɬɚɬɨɱɧɨ ɝɥɭɛɨɤɨ ɢɡɭɱɟɧɚ ɤɢɧɟɬɢɤɚ 
ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɫɬɪɭɤɬɭɪ, ɩɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɝɚɥɥɢɟɜɵɦ 
ɩɚɫɬɚɦ-ɩɪɢɩɨɹɦ.  
ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɨ ɪɚɡɪɚɛɨɬɤɟ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɞɥɹ ɫɨɟɞɢɧɟɧɢɹ ɪɚɡɧɨɪɨɞɧɵɯ 
ɦɚɬɟɪɢɚɥɨɜ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɪɚɛɨɬɚɯ [10,12].  Ⱥɜɬɨɪɚɦɢ ɢɡɭɱɚɥɚɫɶ ɤɢɧɟɬɢɤɚ 
ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɜ ɫɢɫɬɟɦɚɯ Cu–Ga, Ag–Ga, (Cu–Ag)–Ga, (Cu–Sn)–Ga ɢ ɞɪ. 
Ȼɵɥɚ ɨɩɪɟɞɟɥɟɧɚ ɬɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɜɡɚɢɦɧɨɣ 
ɞɢɮɮɭɡɢɢ ɜ ɫɢɫɬɟɦɚɯ Cu–Ga, Ag–Ga. Ⱦɥɹ ɜɫɟɯ ɫɢɫɬɟɦ ɧɚɛɥɸɞɚɥɨɫɶ ɫɧɢɠɟɧɢɟ 
ɫɤɨɪɨɫɬɢ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɞɨɥɢ ɞɪɭɝɢɯ ɥɟɝɤɨɩɥɚɜɤɢɯ 
ɷɥɟɦɟɧɬɨɜ (Sn, In, Zn) ɜ ɠɢɞɤɨɦ ɝɚɥɥɢɢ. Ȼɵɥɨ ɜɵɹɜɥɟɧɨ, ɱɬɨ ɩɪɢɫɭɬɫɬɜɢɟ ɨɥɨɜɚ 
ɜ ɦɟɞɢ ɫɩɨɫɨɛɫɬɜɭɟɬ ɭɜɟɥɢɱɟɧɢɸ ɫɤɨɪɨɫɬɢ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɜ ɩɹɬɶ ɪɚɡ, ɜ 
ɫɪɚɜɧɟɧɢɢ ɫ ɫɢɫɬɟɦɨɣ Cu–Ga. ɇɚɢɛɨɥɶɲɚɹ ɫɤɨɪɨɫɬɶ ɨɛɪɚɡɨɜɚɧɢɹ 
ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ ɜɵɹɜɥɟɧɚ ɜ ɫɢɫɬɟɦɟ (Cu–Ag)–Ga [9, 10]. 
ȼ ɪɚɛɨɬɟ [38] ɚɜɬɨɪɚɦɢ ɢɡ Ɍɚɣɜɚɧɶɫɤɨɝɨ ɧɚɰɢɨɧɚɥɶɧɨɝɨ ɭɧɢɜɟɪɫɢɬɟɬɚ 
ɩɪɨɜɨɞɢɥɢɫɶ ɢɫɫɥɟɞɨɜɚɧɢɹ ɨ ɦɟɯɚɧɢɡɦɟ ɨɛɪɚɡɨɜɚɧɢɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɢ 
ɫɨɟɞɢɧɟɧɢɣ ɜ ɫɢɫɬɟɦɟ Cu / Ni / Ga / Ni / Cu, ɨɩɭɛɥɢɤɨɜɚɧɧɚɹ ɜ 2018 ɝɨɞɭ. ȼ 
ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɛɵɥɨ ɜɵɹɫɧɟɧɨ, ɱɬɨ Cu ɡɧɚɱɢɬɟɥɶɧɨ ɭɫɤɨɪɹɟɬ ɪɨɫɬ ɫɥɨɹ 
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ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ ɡɚ ɫɱɟɬ ɭɫɢɥɟɧɢɹ ɞɢɮɮɭɡɢɢ Ga. ɢ ɱɬɨ ɩɪɢɫɭɞɫɬɜɢɟ Cu ɜ ɮɚɡɟ 
Ni2Ga3 ɫɩɨɫɨɛɫɬɜɭɟɬ ɨɛɪɚɡɨɜɚɧɢɸ ɤɨɧɟɱɧɨɣ ȽɐɄ-ɮɚɡɵ [38]. ɗɬɨ ɝɨɜɨɪɢɬ ɨ 
ɬɨɦ, ɱɬɨ ɧɚɫɬɨɹɳɚɹ ɪɚɛɨɬɚ ɹɜɥɹɟɬɫɹ ɚɤɬɭɚɥɶɧɨɣ.  
ȼ ɪɚɛɨɬɟ [11] ɚɜɬɨɪɚɦɢ ɢɡɭɱɟɧɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɫɩɥɚɜɨɜ ɧɚ ɨɫɧɨɜɟ 
ɝɚɥɥɢɹ ɢ ɩɨɪɨɲɤɨɜɨɝɨ ɧɚɩɨɥɧɢɬɟɥɹ ɜ ɫɢɫɬɟɦɚɯ Cu–Ga, Ag–Ga, Cu–Ag–Ga, ɚ 
ɬɚɤɠɟ ɢɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ ɧɚɩɨɥɧɢɬɟɥɹ ɧɚ ɫɬɪɭɤɬɭɪɭ ɢ ɫɜɨɣɫɬɜɚ ɩɪɢɩɨɹ.  
ȼ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɣ ɤɨɦɩɨɡɢɬ ɫɨɫɬɨɢɬ ɢɡ 
ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɨɝɨ ɥɟɝɤɨɩɥɚɜɤɨɝɨ ɫɩɥɚɜɚ ɢ ɬɜɟɪɞɵɯ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ 
ɧɚɩɨɥɧɢɬɟɥɟɣ (ɱɢɫɬɵɯ ɦɟɬɚɥɥɨɜ, ɫɩɥɚɜɨɜ, ɯɢɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ – ɨɤɫɢɞɨɜ, 
ɤɚɪɛɢɞɨɜ ɢ ɞɪ. ɢɥɢ ɢɧɟɪɬɧɵɯ ɧɚɩɨɥɧɢɬɟɥɟɣ, ɜɤɥɸɱɚɹ ɜɨɥɨɤɧɚ. Ɏɨɪɦɚ ɢ ɫɨɫɬɚɜ 
ɧɚɩɨɥɧɢɬɟɥɟɣ ɨɤɚɡɵɜɚɸɬ ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɦɟɯɚɧɢɱɟɫɤɢɟ, 
ɬɟɪɦɢɱɟɫɤɢɟ, ɤɨɪɪɨɡɢɨɧɧɵɟ ɢ ɞɪ. ɫɜɨɣɫɬɜɚ ɩɪɢɩɨɹ [11]. 
Ȼɨɥɶɲɭɸ ɪɨɥɶ ɜ ɤɨɦɩɨɡɢɰɢɨɧɧɨɦ ɫɩɥɚɜɟ ɢɝɪɚɟɬ ɠɢɞɤɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ, 
ɬɟɦɩɟɪɚɬɭɪɚ ɩɥɚɜɥɟɧɢɹ ɤɨɬɨɪɨɣ ɹɜɥɹɟɬɫɹ ɩɨɞɯɨɞɹɳɟɣ ɞɥɹ ɫɦɟɲɢɜɚɧɢɹ ɫ 
ɩɨɪɨɲɤɚɦɢ (ɬɟɦɩɟɪɚɬɭɪɚ ɦɟɧɟɟ 50 °C). Ʌɟɝɤɨɩɥɚɜɤɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɧɟ ɞɨɥɠɧɚ 
ɛɵɬɶ ɬɨɤɫɢɱɧɨɣ, ɧɟ ɞɨɥɠɧɚ ɫɨɞɟɪɠɚɬɶ ɳɟɥɨɱɧɵɟ ɢ ɳɟɥɨɱɧɨɡɟɦɟɥɶɧɵɟ 
ɦɟɬɚɥɥɵ. Ⱦɚɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɨɛɥɚɞɚɸɬ ɝɚɥɥɢɟɜɵɟ ɫɩɥɚɜɵ, ɬɟɦɩɟɪɚɬɭɪɚ 
ɩɥɚɜɥɟɧɢɹ ɤɨɬɨɪɵɯ ɨɬ 4 °C.  
Ⱥɜɬɨɪɚɦɢ ɩɪɟɞɥɨɠɟɧɵ ɧɨɜɵɟ ɫɨɫɬɚɜɵ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɞɢɮɮɭɡɢɨɧɧɨ-
ɬɜɟɪɞɟɸɳɢɯ ɩɪɢɩɨɟɜ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ ɫ ɩɨɪɨɲɤɨɜɵɦɢ ɧɚɩɨɥɧɢɬɟɥɹɦɢ [11]. 
ȼ ɤɚɱɟɫɬɜɟ ɬɜɟɪɞɨɝɨ ɧɚɩɨɥɧɢɬɟɥɹ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɟɝɨ ɩɪɢɩɨɹ 
ɦɨɝɭɬ ɛɵɬɶ ɪɚɡɥɢɱɧɵɟ ɜɟɳɟɫɬɜɚ. Ʉɚɤ ɱɢɫɬɵɟ ɦɟɬɚɥɥɵ, ɧɚɩɪɢɦɟɪ, ɦɟɞɶ, ɬɚɤ ɢ 
ɫɩɥɚɜɵ, ɧɚɩɪɢɦɟɪ, ɦɟɞɧɨ-ɨɥɨɜɹɧɧɵɟ, ɦɟɞɧɨ-ɫɟɪɟɛɪɹɧɵɟ, ɠɟɥɟɡɨ-ɧɢɤɟɥɟɜɵɟ. 
ɉɪɢ ɭɦɟɧɶɲɟɧɢɢ ɞɨɥɢ ɬɜɟɪɞɨɣ ɤɨɦɩɨɧɟɧɬɵ, ɫɧɢɠɚɟɬɫɹ ɢ ɩɪɨɱɧɨɫɬɶ 
ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɟɝɨ ɩɪɢɩɨɹ [11]. 
ɇɚ ɫɩɨɫɨɛɧɨɫɬɶ ɪɟɚɤɬɢɜɧɨ ɞɢɮɮɭɧɞɢɪɨɜɚɬɶ ɜɥɢɹɸɬ ɞɢɫɩɟɪɫɧɨɫɬɶ, 
ɮɨɪɦɚ ɢ ɫɨɫɬɨɹɧɢɟ ɩɨɜɟɪɯɧɨɫɬɢ ɱɚɫɬɢɰ ɩɨɪɨɲɤɚ, ɚ ɬɚɤɠɟ ɤɨɧɰɟɧɬɪɚɰɢɹ ɢ 
ɞɟɮɟɤɬɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ. ɉɪɢ ɜɵɛɨɪɟ ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɟɝɨ 
ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɩɪɢɩɨɹ ɦɨɠɧɨ ɢɡɦɟɧɹɬɶ ɫɥɟɞɭɸɳɢɟ ɫɜɨɣɫɬɜɚ [11]: 
– ɤɨɷɮɮɢɰɢɟɧɬ ɨɛɴɟɦɧɨɝɨ ɬɟɪɦɢɱɟɫɤɨɝɨ ɪɚɫɲɢɪɟɧɢɹ (ɄɈɌɊ); 
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– ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ ɫɨɟɞɢɧɟɧɢɹ ɧɚ ɫɪɟɡ; 
– ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ ɧɚ ɨɬɪɵɜ. 
ɉɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɧɟ ɜɵɲɟ 150 °C ɩɨɥɭɱɟɧɚ [11] ɧɚɢɥɭɱɲɚɹ 
ɝɟɪɦɟɬɢɱɧɨɫɬɶ ɩɚɹɧɵɯ ɲɜɨɜ. ɇɚɩɪɢɦɟɪ, ɩɪɢ ɫɨɟɞɢɧɟɧɢɢ ɤɨɜɚɪɚ ɢ ɤɜɚɪɰɚ ɩɪɢ 
150 °C ɝɟɪɦɟɬɢɱɧɨɫɬɶ ɢɦɟɟɬ ɡɧɚɱɟɧɢɟ 0,14 ɉɚ (10-5 ɬɨɪɪ).  
Ʉɢɧɟɬɢɤɚ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɮɚɡ ɜ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ 
ɩɪɢɩɨɹɯ ɡɚɜɢɫɢɬ ɨɬ ɚɝɪɟɝɚɬɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɤɨɦɩɨɧɟɧɬɨɜ. Ɏɚɡɚ, ɤɨɬɨɪɚɹ 
ɨɛɪɚɡɭɟɬɫɹ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ, ɫɨɞɟɪɠɢɬ ɧɚɢɛɨɥɶɲɟɟ ɤɨɥɢɱɟɫɬɜɨ ɷɥɟɦɟɧɬɚ, 
ɤɨɬɨɪɵɣ ɧɚɯɨɞɢɬɫɹ ɜ ɠɢɞɤɨɦ ɫɨɫɬɨɹɧɢɢ [11].  
Ⱥɜɬɨɪɚɦɢ ɪɚɛɨɬɵ [11] ɜɵɹɜɥɟɧɨ, ɱɬɨ ɦɟɯɚɧɢɱɟɫɤɚɹ ɚɤɬɢɜɚɰɢɹ ɩɨɜɵɲɚɟɬ 
ɪɟɚɤɰɢɨɧɧɭɸ ɫɩɨɫɨɛɧɨɫɬɶ, ɨɛɟɫɩɟɱɢɜɚɟɬ ɨɛɪɚɡɨɜɚɧɢɟ ɧɨɜɵɯ ɮɚɡ ɫ ɜɵɫɨɤɨɣ 
ɯɢɦɢɱɟɫɤɨɣ ɚɤɬɢɜɧɨɫɬɶɸ ɢ ɩɪɨɱɧɨɫɬɶɸ. ɗɥɟɤɬɪɨɯɢɦɢɱɟɫɤɨɟ ɢ ɯɢɦɢɱɟɫɤɨɟ 
ɠɢɞɤɨɦɟɬɚɥɥɢɱɟɫɤɨɟ ɧɚɧɟɫɟɧɢɟ ɢɫɯɨɞɧɨɝɨ ɫɨɫɬɚɜɚ ɫ ɜɜɟɞɟɧɢɟɦ ɧɟɨɛɯɨɞɢɦɨɝɨ 
ɫɨɫɬɚɜɚ ɩɚɫɬɵ-ɩɪɢɩɨɹ ɩɨɡɜɨɥɹɟɬ ɨɛɥɟɝɱɢɬɶ ɬɟɯɧɢɱɟɫɤɢɟ ɡɚɞɚɱɢ ɩɪɢ 
ɫɨɟɞɢɧɟɧɢɢ ɪɚɡɧɨɪɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ: ɥɢɤɜɢɞɚɰɢɸ ɩɹɬɟɧ ɧɟɩɪɨɩɚɹ ɩɥɚɫɬɢɧ 
ɫɨɥɧɟɱɧɵɯ ɛɚɬɚɪɟɣ, ɡɚɞɟɥɤɢ ɜɧɟɲɧɢɯ ɞɟɮɟɤɬɨɜ (ɩɨɪ ɢ ɬɪɟɳɢɧ) ɢɡɞɟɥɢɣ, 
ɫɨɡɞɚɧɢɟ ɩɪɨɱɧɨɝɨ ɤɪɟɩɥɟɧɢɹ ɞɟɬɚɥɟɣ ɢɡɞɟɥɢɣ ɢ ɞɪɭɝɢɟ [11]. 
ȼ ɪɚɛɨɬɟ [12] ɩɪɟɞɫɬɚɜɥɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 
ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ 
ɧɚɥɢɱɢɟ ɚɬɨɦɨɜ ɰɢɧɤɚ ɜ ɢɫɯɨɞɧɨɦ ɩɨɪɨɲɤɟ ɨɞɧɨɮɚɡɧɨɣ ɥɚɬɭɧɢ ɫɦɟɳɚɟɬ 
ɯɢɦɢɱɟɫɤɭɸ ɪɟɚɤɰɢɸ ɝɚɥɥɢɹ ɫ ɦɟɞɶɸ ɜ ɨɛɥɚɫɬɶ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ ɫ ɛɨɥɶɲɢɦ 
ɫɨɞɟɪɠɚɧɢɟɦ ɦɟɞɢ. Ɉɛɪɚɡɭɟɬɫɹ ɢɧɬɟɪɦɟɬɚɥɥɢɞ Cu9Ga4 ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɧɢɠɟ 
200 ˚C. 
Ⱥɜɬɨɪɚɦɢ Ɍ. Ɏ. Ƚɪɢɝɨɪɶɟɜɨɣ, ɋ. Ⱥ. Ʉɨɜɚɥɟɜɨɣ ɜ ɪɚɛɨɬɟ [13] ɢɡɭɱɟɧɨ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ Cu–In ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɚ ɬɚɤɠɟ 
ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɫɬɪɭɤɬɭɪɵ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɰɟɦɟɧɬɨɜ (ɤɥɟɟɜ) ɧɚ ɢɯ ɨɫɧɨɜɟ.  
ɂɫɫɥɟɞɨɜɚɧɢɹ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɫ ɢɧɬɟɪɦɟɬɚɥɥɢɞɨɦ, 
ɩɨɥɭɱɟɧɧɵɯ ɦɟɯɚɧɢɱɟɫɤɨɣ ɚɤɬɢɜɚɰɢɟɣ (ɫɢɫɬɟɦɚ Cu–In) c ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ 
ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɧɚɱɚɥɚ ɩɪɨɢɫɯɨɞɢɬ ɨɛɪɚɡɨɜɚɧɢɟ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ CuGa2. 
ɋɬɪɭɤɬɭɪɚ ɩɨɥɭɱɟɧɧɨɝɨ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ «ɤɥɟɹ» ɡɚɜɢɫɢɬ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ 
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ɢɧɞɢɹ ɜ ɢɫɯɨɞɧɨ ɤɨɦɩɨɡɢɬɟ. ɉɪɢ ɩɨɜɵɲɟɧɢɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢɧɞɢɹ ɫ 12 ɞɨ 20 
%, ɭɦɟɧɶɲɚɟɬɫɹ ɢ ɪɚɡɦɟɪ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ CuGa2 (ɨɬ 8 ɞɨ 4 ɦɤɦ) [13]. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɯɨɞɟ ɢɫɫɥɟɞɨɜɚɧɢɣ [13] ɜɵɹɜɥɟɧɨ, ɱɬɨ ɢɧɞɢɣ 
ɤɪɢɫɬɚɥɥɢɡɭɟɬɫɹ ɧɟ ɬɨɥɶɤɨ ɜ ɜɢɞɟ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɝɚɥɥɢɹ ɜ ɢɧɞɢɢ, ɧɨ ɢ ɜ 
ɜɢɞɟ ɧɚɧɨɪɚɡɦɟɪɧɨɣ ɩɥɟɧɤɢ ɢɧɞɢɹ ɧɚ ɝɪɚɧɹɯ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ [19-21]. 
ȼ ɪɚɛɨɬɟ [14] ɢɡɥɨɠɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɤɢɧɟɬɢɤɢ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɩɨɪɨɲɤɨɜɵɯ ɤɨɦɩɨɡɢɬɨɜ ɫɢɫɬɟɦɵ Fe–Ga ɩɪɢ 
ɦɟɯɚɧɨɯɢɦɢɱɟɫɤɨɦ ɫɩɥɚɜɥɟɧɢɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɢɫɫɥɟɞɨɜɚɧɢɣ [14] ɜɵɹɫɧɢɥɢ, ɱɬɨ 
ɞɥɹ ɡɚɩɭɫɤɚ ɩɪɨɰɟɫɫɚ ɦɟɯɚɧɨɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ, ɱɬɨɛɵ ɩɨɥɭɱɢɬɶ ɬɜɟɪɞɵɣ 
ɪɚɫɬɜɨɪ Fe(Ga) ɧɟɨɛɯɨɞɢɦɨ ɛɨɥɶɲɟ ɜɪɟɦɟɧɢ, ɱɟɦ ɜ ɫɢɫɬɟɦɚɯ ɬɜɟɪɞɵɣ–ɠɢɞɤɢɣ 
ɦɟɬɚɥɥ, ɩɨɞɜɟɪɝɚɟɦɵɯ ɦɟɯɚɧɢɱɟɫɤɨɣ ɚɤɬɢɜɚɰɢɢ. ɇɚ ɧɚɱɚɥɶɧɵɯ ɷɬɚɩɚɯ 
ɩɪɨɢɫɯɨɞɢɬ ɢɡɦɟɥɶɱɟɧɢɟ ɤɪɭɩɧɵɯ ɱɚɫɬɢɰ. Ɂɚɬɟɦ, ɨɛɪɚɡɭɟɬɫɹ ɮɚɡɚ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ ɫ ɧɚɢɛɨɥɶɲɢɦ ɫɨɞɟɪɠɚɧɢɟɦ ɥɟɝɤɨɩɥɚɜɤɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ. 
ɉɨɫɥɟ 60 ɦɢɧɭɬ ɦɟɯɚɧɢɱɟɫɤɨɣ ɚɤɬɢɜɚɰɢɢ ɮɚɡɚ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ FeGa3 
ɩɨɥɧɨɫɬɶɸ ɢɫɱɟɡɚɟɬ. Ⱥ ɩɨɫɥɟ 150 ɦɢɧɭɬ ɨɛɪɚɡɭɟɬɫɹ ɤɨɦɩɨɡɢɬ 
ɧɟɭɩɨɪɹɞɨɱɟɧɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ, ɫ ɭɩɨɪɹɞɨɱɟɧɧɵɦɢ ɨɛɥɚɫɬɹɦɢ ɫɢɫɬɟɦɵ 
Fe3Ga [14].  
ȼ ɪɚɛɨɬɟ [15] ɚɜɬɨɪɚɦɢ ɏɨɯɥɨɜɨɣ ɘ. Ⱥ. ɢ Ɏɟɞɨɪɱɭɤ Ɇ. Ⱥ. ɩɪɨɜɨɞɢɥɢɫɶ 
ɢɫɫɥɟɞɨɜɚɧɢɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɪɚɡɧɨɪɨɞɧɨɝɨ ɚɥɸɦɢɧɢɣ–ɫɬɚɥɶɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ 
ɩɪɢ ɬɜɟɪɞɨɮɚɡɧɨɣ ɚɤɬɢɜɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɟɣ ɝɚɥɥɢɟɦ. ȼ ɨɛɥɚɫɬɢ ɧɟɪɚɡɴɟɦɧɨɝɨ 
ɫɨɟɞɢɧɟɧɢɹ ɢɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɩɪɨɞɭɤɬɨɜ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɚɥɸɦɢɧɢɣ–ɫɬɚɥɶ ɫ 
ɝɚɥɥɢɟɦ, ɧɚ ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ. 
ɉɪɢ ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ «ɦɟɬɚɥɥɢɱɟɫɤɢɣ ɤɥɟɣ» ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ 
ɧɚɱɢɧɚɟɬ ɚɤɬɢɜɧɨ ɜɫɬɭɩɚɬɶ ɜ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɫ ɩɨɜɟɪɯɧɨɫɬɹɦɢ, ɚ ɩɪɢ 
ɩɨɧɢɠɟɧɢɢ ɡɚɬɜɟɪɞɟɜɚɟɬ.  ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ ɩɪɨɢɫɯɨɞɢɬ ɜ ɞɜɚ ɷɬɚɩɚ: 1) 
ɨɛɪɚɡɭɟɬɫɹ ɬɜɟɪɞɵɣ ɪɚɫɬɜɨɪ ɜ ɪɟɡɭɥɶɬɚɬɟ ɡɟɪɧɨɝɪɚɧɢɱɧɨɣ ɞɢɮɮɭɡɢɢ; 2) 
ɮɨɪɦɢɪɨɜɚɧɢɟ ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɨɟɞɢɧɟɧɢɹ, ɫ ɩɨɧɢɠɟɧɧɵɦɢ 
ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. ɉɨɧɢɠɟɧɢɟ ɩɪɨɱɧɨɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɩɪɨɢɫɯɨɞɢɬ ɜ ɪɟɡɭɥɶɬɚɬɟ ɯɢɦɢɱɟɫɤɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ ɩɨɧɢɠɟɧɢɟɦ 
ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɷɧɟɪɝɢɢ [15].  
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ȼ ɯɨɞɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɜɵɹɫɧɢɥɢ, ɱɬɨ ɜ ɨɛɥɚɫɬɢ ɧɟɪɚɡɴɟɦɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ 
ɚɥɸɦɢɧɢɣ–ɫɬɚɥɶ ɨɛɧɚɪɭɠɟɧɵ ɮɢɡɢɤɨ-ɯɢɦɢɱɟɫɤɢɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɦɟɠɞɭ 
ɚɥɸɦɢɧɢɟɦ, ɤɨɦɩɨɧɟɧɬɚɦɢ ɚɥɸɦɢɧɢɟɜɨɝɨ ɫɩɥɚɜɚ ɢ ɝɚɥɥɢɹ, ɞɢɮɮɭɡɢɹ 
ɤɨɬɨɪɨɝɨ ɩɪɨɬɟɤɚɥɚ ɩɨ ɝɪɚɧɢɰɚɦ ɡɟɪɟɧ, ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɢɯ ɭɜɟɥɢɱɟɧɢɟɦ, ɢ 
ɮɨɪɦɢɪɨɜɚɧɢɟɦ ɧɨɜɵɯ ɦɟɠɡɟɪɟɧɧɵɯ ɝɪɚɧɢɰ [15]. 
Ƚɥɚɜɧɚɹ ɨɫɨɛɟɧɧɨɫɬɶ ɩɪɢ ɞɢɮɮɭɡɢɢ ɝɚɥɥɢɹ ɜ ɚɥɸɦɢɧɢɢ – ɩɨɷɬɚɩɧɨɟ 
ɮɨɪɦɢɪɨɜɚɧɢɟ ɦɟɬɚɫɬɚɛɢɥɶɧɨɣ ɮɚɡɵ ɫ ɝɚɥɥɢɟɦ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɤɨɬɨɪɨɝɨ 
ɨɛɪɚɡɭɟɬɫɹ ɬɜɟɪɞɵɣ ɪɚɫɬɜɨɪ ɧɚ ɨɫɧɨɜɟ Al5Ga2. ȼ ɬɨɦ ɱɢɫɥɟ, ɢ ɜ ɩɪɢɥɟɝɚɸɳɟɦ 
ɨɛɴɟɦɟ ɫɨɟɞɢɧɹɟɦɵɯ ɩɨɜɟɪɯɧɨɫɬɟɣ [15].  
ɂɡɭɱɟɧɢɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɫ ɚɥɸɦɢɧɢɟɦ ɢ ɟɝɨ 
ɫɩɥɚɜɚɦɢ ɢɡɥɨɠɟɧɨ ɢ ɜ ɪɚɛɨɬɟ [16]. Ⱥɜɬɨɪɚɦɢ Ⱥ. Ⱥ. ɑɭɪɚɥɢɫ ɢ Ɇ. Ɇ. 
Ɇɢɯɚɣɥɨɜɨɣ ɩɪɨɜɨɞɢɥɫɹ ɚɧɚɥɢɡ ɩɭɬɟɣ ɚɤɬɢɜɚɰɢɢ ɩɪɨɰɟɫɫɨɜ ɪɚɫɬɜɨɪɟɧɢɹ ɢ 
ɞɢɮɮɭɡɢɢ ɜ ɭɫɥɨɜɢɹɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɪɚɫɩɥɚɜɚ ɫ ɬɜɟɪɞɵɦ ɜɟɳɟɫɬɜɨɦ. Ȼɵɥɢ 
ɨɰɟɧɟɧɵ ɤɢɧɟɬɢɱɟɫɤɢɟ ɮɚɤɬɨɪɵ ɩɪɨɰɟɫɫɚ ɩɚɣɤɢ (ɩɪɨɰɟɫɫɨɜ ɞɢɮɮɭɡɢɨɧɧɨɝɨ 
ɨɛɦɟɧɚ ɢ ɪɚɫɬɜɨɪɟɧɢɹ).   
Ȼɥɢɡɨɫɬɶ ɜɟɥɢɱɢɧ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ ɢ ɤɨɧɫɬɚɧɬ ɪɚɫɬɜɨɪɟɧɢɹ 
ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɩɪɨɰɟɫɫ ɪɚɫɬɜɨɪɟɧɢɹ ɢɞɟɬ ɧɟ ɩɨ ɚɬɨɦɧɵɦ ɩɟɪɟɯɨɞɚɦ 
ɬɜɟɪɞɨɝɨ ɜɟɳɟɫɬɜɚ ɜ ɪɚɫɩɥɚɜ, ɚ ɨɬɞɟɥɶɧɵɦɢ ɤɥɚɫɬɟɪɚɦɢ, ɪɚɡɦɟɪ ɤɨɬɨɪɵɯ ɧɚ 
ɩɨɪɹɞɨɤ ɩɪɟɜɵɲɚɟɬ ɪɚɡɦɟɪɵ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ 
[16]. 
ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɡɚɤɨɧɨɦ ɇɟɪɧɫɬɚ-ɓɭɤɚɪɟɜɚ: 
           ݍ𝑝 = ݇𝑝 ሺܥ𝑁 − ܥ𝑖ሻܵ, (1.11) 
ɤɨɥɢɱɟɫɬɜɨ ɜɟɳɟɫɬɜɚ  ݍ𝑝  ɪɚɫɬɜɨɪɢɦɨɝɨ ɜ ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ, 
ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɪɚɡɧɨɫɬɢ ɤɨɧɰɟɧɬɪɚɰɢɣ ɋ = ɋN – Ci (ɋN – ɧɚɱɚɥɶɧɚɹ 
ɤɨɧɰɟɧɬɪɚɰɢɹ ɜɟɳɟɫɬɜɚ ɜ ɪɚɫɬɜɨɪɟ, Ci – ɤɨɧɰɟɧɬɪɚɰɢɹ ɜɟɳɟɫɬɜɚ ɜ ɪɚɫɬɜɨɪɟ ɜ 
ɬɟɤɭɳɢɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ), ɩɥɨɳɚɞɢ ɤɨɧɬɚɤɬɚ S ɬɜɟɪɞɨɝɨ ɦɟɬɚɥɥɚ ɫ ɪɚɫɩɥɚɜɨɦ 
ɢ ɤɨɧɫɬɚɧɬɟ ɫɤɨɪɨɫɬɢ ɪɚɫɬɜɨɪɟɧɢɹ kp [16]. 
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ɇɚ ɪɹɞɭ ɫ ɷɬɢɦ, ɤɨɥɢɱɟɫɬɜɨ qɪ ɪɚɫɬɜɨɪɟɧɧɨɝɨ ɜɟɳɟɫɬɜɚ ɜ ɟɞɢɧɢɰɭ 
ɜɪɟɦɟɧɢ ɜ ɦɚɫɫɨɜɨɦ ɜɵɪɚɠɟɧɢɢ ɟɫɬɶ ɩɪɨɢɡɜɟɞɟɧɢɟ ɨɛɴɟɦɚ ɪɚɫɩɥɚɜɚ Vɠ ɧɚ 
ɤɨɧɰɟɧɬɪɚɰɢɸ ɪɚɫɬɜɨɪɟɧɧɨɝɨ ɦɟɬɚɥɥɚ [16]. 
           ݍ𝑝 = 𝑉 ݀ܥ𝑖݀𝑡  , (1.12) 
Ⱦɚɥɶɧɟɣɲɢɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɞɚɸɬ ɜɨɡɦɨɠɧɨɫɬɶ ɨɰɟɧɢɬɶ ɢɡɦɟɧɟɧɢɟ 
ɬɟɤɭɳɟɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɪɚɫɬɜɨɪɟɧɧɨɝɨ ɜɟɳɟɫɬɜɚ ɜ ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ [16]: 
            ݇𝑝 = ܦˉ𝛿ˉ  (1.13) 
ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ ɤɨɷɮɮɢɰɢɟɧɬɭ ɞɢɮɮɭɡɢɢ Dɠ ɚɬɨɦɨɜ ɬɜɟɪɞɨɝɨ ɦɟɬɚɥɥɚ ɜ 
ɪɚɫɩɥɚɜɟ ɩɪɢɩɨɹ ɢ ɨɛɪɚɬɧɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ ɬɨɥɳɢɧɟ δɠ ɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ 
ɪɚɫɩɥɚɜɚ, ɤɨɬɨɪɵɣ ɩɪɟɞɨɬɜɪɚɳɚɟɬ ɪɚɫɬɜɨɪɟɧɢɟ ɦɟɬɚɥɥɚ ɜ ɪɚɫɩɥɚɜɟ, ɬɨ ɫ ɭɱɟɬɨɦ 
ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɞɢɮɮɭɡɢɢ [16]: 
          ܦˉ =  ௞்𝜋𝑟𝑀𝑒𝜈 , (1.14) 
ɝɞɟ k – ɩɨɫɬɨɹɧɧɚɹ Ȼɨɥɶɰɦɚɧɚ;  
rMe – ɪɚɞɢɭɫ ɚɬɨɦɚ ɪɚɫɬɜɨɪɹɟɦɨɝɨ ɬɜɟɪɞɨɝɨ ɦɟɬɚɥɥɚ; 
 – ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ ɪɚɫɩɥɚɜɚ. 
ɉɨɥɭɱɟɧɨ ɭɪɚɜɧɟɧɢɟ, ɩɨɞɨɛɧɨɟ ɭɪɚɜɧɟɧɢɸ ɇɟɪɧɫɬɚ: 
 С𝑖 =  ܥ௡ ቀͳ − exp ቀ ௞்𝜋𝑟𝑀𝑒𝜈 ∙  ଵ𝛿 ∙ ௌ𝑉 𝑡ቁቁ. (1.15) 
ɇɚ ɚɤɬɢɜɚɰɢɸ ɩɪɨɰɟɫɫɨɜ ɪɚɫɬɜɨɪɟɧɢɹ ɢ ɞɢɮɮɭɡɢɢ ɨɤɚɡɵɜɚɸɬ 
ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɫɥɟɞɭɸɳɢɟ ɮɚɤɬɨɪɵ: ɬɟɦɩɟɪɚɬɭɪɚ, ɜɪɟɦɹ, ɢ 
ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ ɪɚɫɩɥɚɜɚ. ɇɚɢɛɨɥɟɟ ɜɚɠɧɵɦ ɢɡ ɧɢɯ ɹɜɥɹɟɬɫɹ 
ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ ɪɚɫɩɥɚɜɚ, ɬɚɤ ɤɚɤ ɨɧɚ ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ ɩɪɢɪɨɞɵ 
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ɪɚɫɩɥɚɜɚ ɢ ɧɟɡɧɚɱɢɬɟɥɶɧɨ ɪɟɚɝɢɪɭɟɬ ɧɚ ɦɚɥɵɟ ɤɨɥɟɛɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ, 
ɢɡɦɟɧɹɹɫɶ ɬɨɥɶɤɨ ɩɪɢ ɡɧɚɱɢɬɟɥɶɧɨɦ ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɨɰɟɫɫɚ [16].  
Ɍɚɤɠɟ ɢɫɫɥɟɞɨɜɚɧɢɹ [16] ɩɨɤɚɡɚɥɢ, ɱɬɨ ɜ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ, ɜ 
ɤɨɬɨɪɵɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɞɢɚɝɪɚɦɦɨɣ ɫɨɫɬɨɹɧɢɹ 
ɷɜɬɟɤɬɢɱɟɫɤɨɝɨ ɢɥɢ ɩɟɪɢɬɟɤɬɢɱɟɫɤɨɝɨ ɬɢɩɨɜ, ɦɟɠɮɚɡɧɵɟ ɝɪɚɧɢɰɵ ɢɦɟɸɬ 
ɩɨɜɵɲɟɧɧɭɸ ɩɥɨɬɧɨɫɬɶ ɞɢɫɥɨɤɚɰɢɣ, ɚ ɡɧɚɱɢɬ, ɧɚɢɛɨɥɟɟ ɚɤɬɢɜɧɨ ɜɫɬɭɩɚɸ ɜ 
ɞɢɮɮɭɡɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ, ɱɬɨ ɫɩɨɫɨɛɫɬɜɭɟɬ ɭɫɤɨɪɟɧɢɸ ɪɚɫɬɜɨɪɟɧɢɹ ɱɚɫɬɢɰ 
(ɪɟɚɤɰɢɢ) ɧɚɩɨɥɧɢɬɟɥɹ, ɫ ɠɢɞɤɨɣ ɮɚɡɨɣ.  
 
1.6 Вɥɢяɧɢɟ ɫɬɪɭɤɬɭɪɵ ɬɜɟɪɞɨɣ ɮɚɡɵ ɧɚ ɩɪɨɰɟɫɫɵ ɦɚɫɫɨɨɛɦɟɧɚ 
 
ɑɚɳɟ ɜɫɟɝɨ, ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɦɧɨɝɨɮɚɡɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫ 
ɥɟɝɤɨɩɥɚɜɤɢɦɢ ɪɚɫɩɥɚɜɚɦɢ ɛɨɥɶɲɨɟ ɜɥɢɹɧɢɟ ɧɚ ɭɩɪɚɜɥɟɧɢɟ ɩɪɨɰɟɫɫɨɜ 
ɦɚɫɫɨɨɛɦɟɧɚ ɛɭɞɟɬ ɨɤɚɡɵɜɚɬɶ ɫɬɪɭɤɬɭɪɚ ɬɭɝɨɩɥɚɜɤɨɝɨ ɫɩɥɚɜɚ [17].  
ɉɨ ɫɬɪɭɤɬɭɪɧɵɦ ɫɨɫɬɚɜɥɹɸɳɢɦ ɫɩɥɚɜɵ ɞɟɥɹɬɫɹ ɧɚ ɬɪɢ ɬɢɩɚ: ɬɜɟɪɞɵɟ 
ɪɚɫɬɜɨɪɵ, ɯɢɦɢɱɟɫɤɢɟ ɫɨɟɞɢɧɟɧɢɹ ɢ ɷɜɬɟɤɬɢɱɟɫɤɢɟ (ɷɜɬɟɤɬɨɢɞɧɵɟ ɫɦɟɫɢ). 
ɂɧɬɟɪɟɫɧɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɷɜɬɟɤɬɢɱɟɫɤɢɯ ɫɩɥɚɜɨɜ ɫ ɠɢɞɤɢɦɢ 
ɦɟɬɚɥɥɢɱɟɫɤɢɦɢ ɪɚɫɩɥɚɜɚɦɢ [19-21].  
ɗɜɬɟɤɬɢɱɟɫɤɢɟ ɫɩɥɚɜɵ – ɷɬɨ ɬɢɩ ɫɩɥɚɜɨɜ, ɨɫɧɨɜɧɨɣ ɱɟɪɬɨɣ ɤɨɬɨɪɵɯ 
ɹɜɥɹɟɬɫɹ ɨɛɹɡɚɬɟɥɶɧɨɟ ɧɚɥɢɱɢɟ ɞɜɭɯ ɢ ɛɨɥɟɟ ɮɚɡ. Ɍɚɤɢɟ ɫɩɥɚɜɵ ɜ ɡɚɜɢɫɢɦɨɫɬɢ 
ɨɬ ɦɨɪɮɨɥɨɝɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɬɪɭɤɬɭɪɵ ɞɟɥɹɬɫɹ ɧɚ: ɩɥɚɫɬɢɧɱɚɬɵɟ, 
ɝɥɨɛɭɥɹɪɧɵɟ ɢ ɢɝɨɥɶɱɚɬɵɟ. ɂɯ ɨɫɨɛɟɧɧɨɫɬɶ ɮɨɪɦɢɪɭɸɬ ɩɪɟɠɞɟ ɜɫɟɝɨ 
ɯɢɦɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɢ ɭɫɥɨɜɢɹ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ. 
ȼ ɪɚɛɨɬɟ [19-21] ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɪɢ ɬɢɩɚ ɮɨɪɦɢɪɨɜɚɧɢɹ ɷɜɬɟɤɬɢɱɟɫɤɢɯ 
ɫɬɪɭɤɬɭɪ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɫɬɪɨɟɧɢɟ ɢ ɩɪɨɰɟɫɫ ɮɨɪɦɢɪɨɜɚɧɢɹ ɫɬɪɭɤɬɭɪɵ. 
1 Ʉɨɥɨɧɢɹ – ɦɟɥɤɨɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɦɟɫɶ ɮɚɡ, ɤɨɬɨɪɵɟ ɨɛɪɚɡɨɜɚɥɢɫɶ ɫ 
ɩɨɦɨɳɶɸ ɱɟɪɟɞɭɸɳɟɝɨɫɹ ɜɡɚɢɦɨɫɜɹɡɚɧɧɨɝɨ ɡɚɪɨɠɞɟɧɢɹ ɢ ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ 
ɪɨɫɬɚ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɤɪɢɫɬɚɥɥɨɜ.  
2 Ʉɨɥɨɧɢɸ ɨɛɪɚɡɭɸɬ ɦɨɧɨɤɪɢɫɬɚɥɶɧɚɹ ɦɚɬɪɢɰɚ ɨɞɧɨɣ ɮɚɡɵ ɢ 
ɜɤɥɸɱɟɧɢɹ ɦɧɨɠɟɫɬɜɚ ɞɢɫɩɟɪɝɢɪɨɜɚɧɧɵɯ ɤɪɢɫɬɚɥɥɨɜ ɜɬɨɪɨɣ ɮɚɡɵ. Ʉɨɝɞɚ 
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ɤɨɥɨɧɢɹ ɧɚɯɨɞɢɬɫɹ ɜ ɫɬɚɞɢɢ ɪɚɡɜɢɬɢɹ, ɩɪɨɢɫɯɨɞɢɬ ɨɞɧɨɜɪɟɦɟɧɧɵɣ, 
ɧɟɩɪɟɪɵɜɧɵɣ ɪɨɫɬ ɞɢɫɩɟɪɝɢɪɨɜɚɧɧɵɯ ɤɪɢɫɬɚɥɥɨɜ ɢ ɦɚɬɪɢɰɵ ɢɥɢ ɩɨɨɱɟɪɟɞɧɨɟ 
ɜɧɟɞɪɟɧɢɟ ɢ ɡɚɪɨɠɞɟɧɢɟ ɜɬɨɪɨɣ ɮɚɡɵ ɧɚ ɫɚɦɨɦ ɮɪɨɧɬɟ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ 
ɦɚɬɪɢɰɵ. 
3 Ʉɨɥɨɧɢɹ ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɪɚɡɞɟɥɟɧɧɵɯ ɤɪɢɫɬɚɥɥɨɜ ɮɚɡɵ ɷɜɬɟɤɬɢɤɢ, 
ɡɚɪɨɞɢɜɲɢɯɫɹ ɨɞɢɧ ɜ ɞɪɭɝɨɦ. ɐɟɧɬɪɨɦ ɷɬɨɣ ɤɨɥɨɧɢɢ ɹɜɥɹɟɬɫɹ ɱɚɫɬɶ 
ɩɟɪɜɨɧɚɱɚɥɶɧɨɝɨ ɤɨɧɬɚɤɬɚ ɤɪɢɫɬɚɥɥɨɜ, ɤɨɬɨɪɵɟ ɡɚɪɨɞɢɥɢɫɶ ɨɬɞɟɥɶɧɨ ɞɪɭɝ ɨɬ 
ɞɪɭɝɚ ɢɥɢ ɨɞɧɨɜɪɟɦɟɧɧɨ. ɗɜɬɟɤɬɢɱɟɫɤɚɹ ɤɨɥɨɧɢɹ ɮɨɪɦɢɪɭɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ 
ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɪɨɫɬɚ ɡɚɪɨɞɢɜɲɢɯɫɹ ɤɪɢɫɬɚɥɥɨɜ (ɨɞɧɨɜɪɟɦɟɧɧɨɟ ɪɚɡɜɢɬɢɟ 
ɨɬɜɟɬɜɥɟɧɢɣ) [19-21]. 
Ɍɢɩɢɱɧɨ ɪɚɡɜɢɬɢɟ ɤɢɧɟɬɢɤɢ ɦɚɫɫɨɩɟɪɟɧɨɫɚ ɧɚ ɝɪɚɧɢɰɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 
ɦɧɨɝɨɮɚɡɧɨɝɨ ɬɜɟɪɞɨɝɨ ɫɩɥɚɜɚ ɫ ɠɢɞɤɨɫɬɶɸ – ɷɬɨ ɜɚɪɢɚɧɬ, ɝɞɟ ɬɜɟɪɞɚɹ ɮɚɡɚ 
ɢɦɟɟɬ ɜɢɞ ɩɥɚɫɬɢɧɱɚɬɨɣ ɷɜɬɟɤɬɢɤɢ.  
Ⱦɥɹ ɞɚɧɧɨɝɨ ɫɥɭɱɚɹ ɧɟɨɛɯɨɞɢɦɨ ɡɧɚɬɶ ɢɡɦɟɧɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɣ 
ɤɨɦɩɨɧɟɧɬɨɜ ɭ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ, ɬɚɤ ɤɚɤ ɧɚɩɪɚɜɥɟɧɢɟ ɫɬɪɭɤɬɭɪɧɵɯ 
ɫɨɫɬɚɜɥɹɸɳɢɯ ɧɟ ɢɝɪɚɟɬ ɪɨɥɢ ɩɪɢ ɦɚɫɫɨɩɟɪɟɧɨɫɟ [19-21]. 
Ɂɞɟɫɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɤɨɦɩɨɧɟɧɬɚ i ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɜɵɪɚɠɚɟɬɫɹ: 
 
          ܥሺ௫ሻ𝑖 = ܥ଴𝑖 + ܥ௠𝑖 cos ቀ𝜋∗௫௟ ቁ , 1.16 
ɝɞɟ ܥ଴𝑖 – ɤɨɧɰɟɧɬɪɚɰɢɹ ɤɨɦɩɨɧɟɧɬɚ, ɤɨɬɨɪɵɣ ɪɚɫɩɪɟɞɟɥɟɧ ɪɚɜɧɨɦɟɪɧɨ ɜɞɨɥɶ 
ɨɫɢ  X; l – ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɫɨɫɟɞɧɢɦɢ ɷɤɫɬɪɟɦɚɥɶɧɵɦɢ ɤɨɧɰɟɧɬɪɚɰɢɹɦɢ ሺܥ଴ + ܥ௠ሻ ɢ ሺܥ଴ − ܥ௠ሻ [19]. 
Ʉɨɧɰɟɧɬɪɚɰɢɹ ɤɨɦɩɨɧɟɧɬɚ i ɜɞɨɥɶ ɨɫɢ OX ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ XOY ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ ɜɵɪɚɠɚɟɬɫɹ ɮɨɪɦɭɥɨɣ [19-21]: 
 
 ܥሺ௫,𝑡ሻ𝑖 = ܥ଴𝑖ሺ𝑡ሻ + ܥ௠𝑖ሺ𝑡ሻ ∗ cosሺ𝜋∗௫௟ ሻ ∗ exp ሺ− 𝜏𝜏′ ሻ, 1.17 
 
ɝɞɟ 𝜏′ – ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ  ሺ݈ଶ 𝜋ଶܦሻ⁄ , ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɤɨɪɨɫɬɶ ɜɵɪɚɜɧɢɜɚɧɢɹ 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɩɨ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ.  
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Ɍɚɤ ɤɚɤ ɞɢɮɮɭɡɢɨɧɧɵɣ ɫɥɨɣ ɜɨɡɪɚɫɬɚɟɬ ɜɞɨɥɶ ɧɟɩɨɞɜɢɠɧɨɣ ɨɫɢ OX, 
ɬɨ ܥ଴ ɢ  ܥ௠ – ɮɭɧɤɰɢɢ ɜɪɟɦɟɧɢ.  
Ⱦɥɹ ɩɨɞɜɢɠɧɨɣ ɫɢɫɬɟɦɵ XOY ɭ ɨɫɢ OX ɢ 𝜏 ɫɜɹɡɚɧɵ [19-21]:  
           ݕ = ܴ ∙ 𝜏, 1.18 
ɝɞɟ R – ɫɤɨɪɨɫɬɶ ɞɜɢɠɟɧɢɹ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɜɞɨɥɶ ɧɟɩɨɞɜɢɠɧɨɣ ɫɢɫɬɟɦɵ 
ɤɨɨɪɞɢɧɚɬ.   
Ɉɛɪɚɡɨɜɚɧɢɟ ɩɟɪɟɯɨɞɧɨɝɨ ɫɥɨɹ ɧɨɜɵɯ ɮɚɡ ɧɚ ɷɜɬɟɤɬɢɤɟ ɦɨɠɧɨ ɪɚɡɞɟɥɢɬɶ 
ɧɚ ɞɜɟ ɡɨɧɵ [19]: 
1 Ɍɨɥɳɢɧɨɣ 𝛥y, ɡɞɟɫɶ ɩɪɨɢɫɯɨɞɹɬ ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ (ɬ.ɟ. 
ɤɨɧɰɟɧɬɪɚɰɢɹ ɜɵɪɚɜɧɢɜɚɟɬɫɹ ɩɨ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ). 
2 Ɍɨɥɳɢɧɨɣ ሺݔ– ∆ݕሻ – ɞɜɢɠɟɧɢɟ ɞɢɮɮɭɧɞɢɪɭɸɳɢɯ ɚɬɨɦɨɜ ɩɪɨɢɫɯɨɞɢɬ 
ɬɨɥɶɤɨ ɩɨ ɧɚɩɪɚɜɥɟɧɢɹɦ ɤ ɝɪɚɧɢɰɟ ɢ ɨɬ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ.  
ȼ ɪɚɛɨɬɟ [10] ɩɪɟɞɫɬɚɜɥɟɧ ɦɟɬɨɞ ɪɚɫɱɟɬɚ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ ɧɨɜɨɣ ɮɚɡɵ ɧɚ 
ɞɜɭɯɮɚɡɧɨɦ ɫɩɥɚɜɟ.  Ɉɛɴɟɦ ɦɚɬɟɪɢɚɥɚ, ɜ ɤɨɬɨɪɨɦ ɨɫɭɳɟɫɬɜɥɹɸɬɫɹ ɩɪɨɰɟɫɫɵ 
ɪɟɥɚɤɫɚɰɢɢ ɦɨɠɧɨ ɡɚɦɟɧɢɬɶ ɧɚ ɮɢɝɭɪɭ ɫɟɱɟɧɢɟɦ abcd ɢ ɞɥɢɧɨɣ ɩɥɚɫɬɢɧɵ L 
(ɪɢɫɭɧɨɤ 1) ɫ ɩɨɜɟɪɯɧɨɫɬɶɸ ɩɨɫɬɨɹɧɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ, ɩɚɪɚɥɥɟɥɶɧɵɦɢ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɩɥɨɫɤɨɣ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ. 
 
 
 
Ɋɢɫɭɧɨɤ 1 – ɋɯɟɦɚ ɤ ɪɚɫɱɟɬɭ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ ɧɨɜɨɣ ɮɚɡɵ ɧɚ ɞɜɭɯɮɚɡɧɨɦ ɫɩɥɚɜɟ 
 
ɂɡ ɩɟɪɜɨɝɨ ɡɚɤɨɧɚ Ɏɢɤɚ ɦɨɠɧɨ ɜɵɪɚɡɢɬɶ: 
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            ܳ =  −ܦ ∙ ݀ܥ݀ݕ ∙ ܵ, 1.19 
ɝɞɟ Q – ɤɨɥɢɱɟɫɬɜɨ ɜɟɳɟɫɬɜɚ, ɩɪɨɞɢɮɮɭɧɞɢɪɨɜɚɜɲɟɝɨ ɡɚ ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ 
ɱɟɪɟɡ ɫɟɱɟɧɢɟ S ɮɢɝɭɪɵ ɫ ɝɪɚɞɢɟɧɬɨɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɜ ɷɬɨɦ ɫɟɱɟɧɢɢ ݀ܵ ݀ݕ⁄  ɢ 
ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɞɢɮɮɭɡɢɢ D (ɞɥɹ ɮɚɡɵ A). 
 
             − ∫ ݀ݕܵሺݕሻ ∙ ݀ݕ = ሺܥ଴ + ∆ܥሻ − ܥ଴ = ∆ܥ.∆௬଴  1.20 
 
ɂɧɬɟɝɪɚɥ ɝɪɚɞɢɟɧɬɚ ɤɨɧɰɟɧɬɪɚɰɢɢ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ ɫɧɢɠɟɧɢɹ 
ɤɨɧɰɟɧɬɪɚɰɢɢ, ɧɚɯɨɞɹɳɢɣɫɹ ɜ ɝɪɚɧɢɰɚɯ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɞɚɧɧɨɣ ɩɥɚɫɬɢɧɵ, ɝɞɟ ሺܥ଴ + ∆ܥሻ, ɞɨ ɥɢɧɢɢ ɫ ɨɞɧɨɪɨɞɧɵɦ ɫɨɫɬɚɜɨɦ, ɝɞɟ ܥ଴, ɪɚɜɟɧ ɩɟɪɟɩɚɞɭ 
ɤɨɧɰɟɧɬɪɚɰɢɣ ∆ܥ ɦɟɠɞɭ ɞɜɭɦɹ ɞɚɧɧɵɦɢ ɩɨɜɟɪɯɧɨɫɬɹɦɢ. ɋɤɨɪɨɫɬɶ ɪɟɚɤɰɢɢ 
ɡɚɜɢɫɢɬ ɨɬ ɜɡɚɢɦɧɨɝɨ ɨɬɧɨɲɟɧɢɹ ɮɚɡ 𝜆஺ ɢ 𝜆஻.  
ɂɡɭɱɟɧɢɟ ɩɪɨɰɟɫɫɨɜ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɢ ɨɩɪɟɞɟɥɟɧɢɟ ɩɚɪɚɦɟɬɪɨɜ 
ɞɢɮɮɭɡɢɢ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɞɢɫɩɟɪɫɧɵɯ ɱɚɫɬɢɰ ɫ ɠɢɞɤɢɦ ɪɚɫɩɥɚɜɨɦ ɧɚ 
ɨɫɧɨɜɟ ɝɚɥɥɢɹ ɩɪɟɞɫɬɚɜɥɹɸɬ ɜɫɟ ɛɨɥɶɲɢɣ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ, ɬɚɤ ɤɚɤ ɞɚɸɬ 
ɜɨɡɦɨɠɧɨɫɬɶ ɭɩɪɚɜɥɟɧɢɹ ɫɤɨɪɨɫɬɶɸ ɡɚɬɜɟɪɞɟɜɚɧɢɹ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɩɚɫɬ-
ɩɪɢɩɨɟɜ. Ɉɫɧɨɜɧɨɣ ɫɥɨɠɧɨɫɬɶɸ ɩɪɢ ɢɡɭɱɟɧɢɢ ɷɬɢɯ ɩɪɨɰɟɫɫɨɜ ɹɜɥɹɟɬɫɹ 
ɨɩɪɟɞɟɥɟɧɢɟ ɷɮɮɟɤɬɢɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ [12, 17, 19–21].  
 
1.7 ɋɦɚɱɢɜɚɧɢɟ  
 
ɋɩɨɫɨɛɧɨɫɬɶ ɠɢɞɤɨɫɬɢ ɪɚɫɬɟɤɚɬɶɫɹ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɬɜёɪɞɵɯ ɬɟɥ ɫ 
ɨɛɪɚɡɨɜɚɧɢɟɦ ɤɚɩɟɥɶ ɢɥɢ ɩɥɟɧɨɤ ɧɚɡɵɜɚɸɬ ɫɦɚɱɢɜɚɧɢɟɦ. Ʉɨɥɢɱɟɫɬɜɟɧɧɵɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɦɚɱɢɜɚɧɢɹ ɩɨɥɭɱɚɸɬ ɢɡ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɨɩɢɫɚɧɢɹ 
ɩɪɨɰɟɫɫɚ ɪɚɫɬɟɤɚɧɢɹ ɤɚɩɥɢ ɠɢɞɤɨɫɬɢ ɫ ɭɱɟɬɨɦ, ɱɬɨ ɜ ɭɫɬɨɣɱɢɜɨɦ ɪɚɜɧɨɜɟɫɧɨɦ 
ɫɨɫɬɨɹɧɢɢ ɢɡɛɵɬɨɱɧɚɹ ɷɧɟɪɝɢɹ Ƚɢɛɛɫɚ ɩɨɜɟɪɯɧɨɫɬɢ, ɨɩɪɟɞɟɥɹɟɦɚɹ 
ɤɨɦɛɢɧɚɰɢɟɣ ɦɟɠɮɚɡɧɵɯ ɧɚɬɹɠɟɧɢɣ, ɫɬɪɟɦɢɬɫɹ ɤ ɦɢɧɢɦɭɦɭ [39]. 
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ɉɪɢ ɨɩɢɫɚɧɢɢ ɪɚɫɬɟɤɚɧɢɹ ɩɪɟɧɟɛɪɟɝɚɸɬ ɞɟɣɫɬɜɢɟɦ ɝɪɚɜɢɬɚɰɢɨɧɧɨɝɨ 
ɩɨɥɹ. ȿɫɥɢ ɤɚɩɥɹ ɧɟ ɪɚɫɬɟɤɚɥɚɫɶ ɩɨɥɧɨɫɬɶɸ, ɬɨ ɜ ɪɚɜɧɨɜɟɫɢɢ ɩɨ ɩɟɪɢɮɟɪɢɢ 
ɤɚɩɥɢ ɩɟɪɟɫɟɤɚɸɬɫɹ ɜɞɨɥɶ ɨɞɧɨɣ ɥɢɧɢɢ ɬɪɢ ɦɟɠɮɚɡɧɵɟ ɩɨɜɟɪɯɧɨɫɬɢ: 
ɠɢɞɤɨɫɬɶ - ɝɚɡ (ɠɝ); ɬɜɟɪɞɨɟ - ɝɚɡ (ɬɝ); ɬɜɟɪɞɨɟ - ɠɢɞɤɨɫɬɶ (ɬɠ) - ɩɨɞ ɭɝɥɨɦ θ, 
ɤɨɬɨɪɵɣ ɧɚɡɵɜɚɸɬ ɭɝɥɨɦ ɫɦɚɱɢɜɚɧɢɹ (ɪɢɫɭɧɨɤ 2) [39] 
 
 
 
Ɋɢɫɭɧɨɤ 2 – ɋɯɟɦɚ ɪɚɫɩɨɥɨɠɟɧɢɹ ɤɚɩɥɢ ɠɢɞɤɨɫɬɢ ɧɚ ɬɜɟɪɞɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɢ 
ɱɚɫɬɢɱɧɨɦ ɫɦɚɱɢɜɚɧɢɢ 
 
ɍɫɥɨɜɢɟ ɪɚɜɧɨɜɟɫɢɹ ɫɩɨɤɨɣɧɨ ɥɟɠɚɳɟɣ ɤɚɩɥɢ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ 
ɚɞɫɨɪɛɰɢɢ ɢɥɢ ɨɛɨɝɚɳɟɧɢɹ ɠɢɞɤɨɣ ɮɚɡɵ ɤɨɦɩɨɧɟɧɬɚɦɢ ɬɜɟɪɞɨɣ ɮɚɡɵ ɦɨɠɟɬ 
ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɨ ɪɚɜɟɧɫɬɜɨɦ: 
 
ϬɌȽ – ϬɌɀ = ϬɀȽ  · cos 𝜃 
 
Ⱦɚɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɧɚɡɵɜɚɸɬ ɡɚɤɨɧɨɦ ɘɧɝɚ. ɉɨɫɥɟ ɩɨɞɫɬɚɧɨɜɤɢ ɷɬɨɝɨ 
ɭɪɚɜɧɟɧɢɹ ɜ ɮɨɪɦɭɥɭ Ⱦɸɩɪɟ ɩɨɥɭɱɚɟɦ: 
 
Wα = ϬɌȽ (1 + cos θ) 
 
ɉɨɥɶɡɨɜɚɬɶɫɹ ɩɪɢ 0° ≤ θ ≤ 180°. Ɂɧɚɤ cos θ ɨɩɪɟɞɟɥɹɸɬ ɡɧɚɤɨɦ ɪɚɡɧɨɫɬɢ 
ϬɌȽ – ϬɌɀ. ȿɫɥɢ ɪɚɡɧɨɫɬɶ ɨɬɪɢɰɚɬɟɥɶɧɚ, ɬɨ 90°≤ θ ≤ 180°. ɗɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɨɬɫɭɬɫɬɜɢɸ ɫɦɚɱɢɜɚɧɢɹ (ɪɢɫɭɧɨɤ 3). 
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ɚ ɛ ɜ 
Ɋɢɫɭɧɨɤ 3 – Ɏɨɪɦɚ ɤɚɩɥɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɬɜɟɪɞɨɝɨ ɬɟɥɚ: ɚ - ɨɬɫɭɬɫɬɜɢɟ ɫɦɚɱɢɜɚɧɢɹ; 
ɛ - ɫɦɚɱɢɜɚɧɢɟ; ɜ - ɩɨɥɧɨɟ ɫɦɚɱɢɜɚɧɢɟ (θ ≈ 0) 
 
ȿɫɥɢ ɪɚɡɧɨɫɬɶ ɩɨɥɨɠɢɬɟɥɶɧɚ, ɬɨ 0°≤ θ ≤90°, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɭɫɥɨɜɢɸ 
ɫɦɚɱɢɜɚɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɬɜɟɪɞɨɝɨ ɬɟɥɚ ɠɢɞɤɨɫɬɶɸ (ɪɢɫɭɧɨɤ 3, ɛ). ɉɨɥɧɨɟ 
ɫɦɚɱɢɜɚɧɢɟ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɪɚɛɨɬɨɣ ɚɞɝɟɡɢɢ Wα = 2 ϬɀȽ, ɬ.ɟ. ɩɪɢ ɜɵɫɨɤɨɦ 
ɯɢɦɢɱɟɫɤɨɦ ɫɪɨɞɫɬɜɟ ɦɟɠɞɭ ɤɨɧɞɟɧɫɢɪɨɜɚɧɧɵɦɢ ɮɚɡɚɦɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ 
ɪɚɛɨɬɭ ɨɬɪɵɜɚ ɮɚɡ WK, ɤɚɤ ɨɬɦɟɱɟɧɨ ɜɵɲɟ, ɧɚɡɵɜɚɸɬ ɪɚɛɨɬɨɣ ɤɨɝɟɡɢɢ. ɉɨ 
ɪɢɫɭɧɤɭ 3, (ɜ), ɟɟ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɪɢ θ = 0. [39] 
ɀɢɞɤɢɣ ɝɚɥɥɢɣ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɫɚɦɵɯ ɩɨɜɟɪɯɧɨɫɬɧɨ-ɚɤɬɢɜɧɵɯ 
ɦɟɬɚɥɥɨɜ ɢ ɨɛɥɚɞɚɟɬ ɜɵɫɨɤɨɣ ɫɦɚɱɢɜɚɸɳɟɣ ɫɩɨɫɨɛɧɨɫɬɶɸ [10, 39]. 
ɋɦɚɱɢɜɚɧɢɟ ɬɜɟɪɞɨɝɨ ɦɟɬɚɥɥɚ ɠɢɞɤɢɦ ɧɚɫɬɭɩɚɟɬ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɨɦ 
ɭɪɨɜɧɟ ɬɟɪɦɢɱɟɫɤɨɣ ɢɥɢ ɞɪɭɝɨɣ ɚɤɬɢɜɚɰɢɢ, ɩɨɡɜɨɥɹɸɳɟɣ ɪɚɡɨɪɜɚɬɶ ɫɜɹɡɢ, 
ɢɦɟɸɳɢɟɫɹ ɜ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɫɥɨɹɯ ɬɜɟɪɞɨɝɨ ɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɨɜ, ɢ 
ɨɛɪɚɡɨɜɚɬɶ ɧɨɜɵɟ, ɨɛɳɢɟ ɫɜɹɡɢ. Ⱦɥɹ ɝɚɥɥɢɹ ɩɥɚɜɥɟɧɢɟ ɜɧɨɫɢɬ ɫɭɳɟɫɬɜɟɧɧɵɟ 
ɢɡɦɟɧɟɧɢɹ ɜ ɦɟɯɚɧɢɡɦ ɫɜɹɡɢ. ȼ ɩɪɨɰɟɫɫɟ ɫɦɚɱɢɜɚɧɢɹ ɞɜɟ ɫɜɨɛɨɞɧɵɟ 
ɩɨɜɟɪɯɧɨɫɬɢ ɡɚɦɟɧɹɸɬɫɹ ɨɞɧɨɣ ɝɪɚɧɢɰɟɣ ɮɚɡ ɦɟɠɞɭ ɬɜɟɪɞɵɦ ɦɟɬɚɥɥɨɦ ɢ 
ɪɚɫɩɥɚɜɨɦ ɫ ɛɨɥɟɟ ɧɢɡɤɨɣ ɫɜɨɛɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɷɧɟɪɝɢɟɣ ɫɢɫɬɟɦɵ. 
ɍɦɟɧɶɲɟɧɢɟ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɩɪɢɜɨɞɢɬ ɤ ɪɚɫɬɟɤɚɧɢɸ 
(ɩɪɨɢɫɯɨɞɢɬ ɜɹɡɤɨɟ ɬɟɱɟɧɢɟ ɩɨɫɬɟɩɟɧɧɨ ɭɬɨɧɱɚɸɳɟɝɨɫɹ ɫɥɨɹ ɠɢɞɤɨɫɬɢ, ɧɟ 
ɫɜɹɡɚɧɧɨɝɨ ɫ ɞɟɣɫɬɜɢɟɦ ɫɢɥ ɬɹɠɟɫɬɢ) [39]. 
ɉɨ ɞɚɧɧɵɦ ɫɨɜɪɟɦɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɩɪɢɪɨɞɚ ɫɢɥ ɫɦɚɱɢɜɚɧɢɹ 
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ, ɩɨɷɬɨɦɭ ɯɚɪɚɤɬɟɪ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɢ ɤɨɧɬɚɤɬɟ ɬɜɟɪɞɵɣ 
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ɦɟɬɚɥɥ – ɪɚɫɩɥɚɜ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɟɥɢɱɢɧɨɣ ɢ ɡɧɚɤɨɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɫɢɥ 
ɩɨɜɟɪɯɧɨɫɬɟɣ. Ɉɞɧɚɤɨ ɷɬɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɤɨɥɢɱɟɫɬɜɟɧɧɨ 
ɧɟ ɨɰɟɧɢɜɚɟɬɫɹ, ɩɨɷɬɨɦɭ ɬɨɥɶɤɨ ɩɨ ɡɧɚɱɟɧɢɸ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɧɚɬɹɠɟɧɢɹ 
ɪɚɫɩɥɚɜɚ ɢ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɷɧɟɪɝɢɢ ɬɜɟɪɞɨɸ ɦɟɬɚɥɥɚ ɨɩɪɟɞɟɥɢɬɶ ɯɚɪɚɤɬɟɪ 
ɜɥɢɹɧɢɹ ɷɬɢɯ ɫɢɥ ɧɚ ɫɦɚɱɢɜɚɧɢɟ ɧɟ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɵɦ. [39] 
 ɂ ɭɫɥɨɜɢɹɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɩɨɪɨɲɤɨɜ ɬɜɟɪɞɨɸ ɦɟɬɚɥɥɚ ɫ ɪɚɫɩɥɚɜɚɦɢ 
ɝɚɥɥɢɹ ɜ ɧɚɱɚɥɶɧɵɣ ɦɨɦɟɧɬ ɤɨɧɬɚɤɬɚ (ɩɨɪɨɲɨɤ-ɠɢɞɤɨɫɬɶ) ɦɨɠɧɨ 
ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɧɚ ɩɪɢɦɟɪɟ ɦɨɞɟɥɟɣ, ɩɪɢɦɟɧɹɟɦɵɯ ɩɪɢ ɢɡɭɱɟɧɢɢ ɫɩɟɤɚɧɢɹ 
ɩɨɪɨɲɤɨɜ ɩɪɢ ɧɚɥɢɱɢɢ ɠɢɞɤɨɫɬɢ (ɪɢɫɭɧɨɤ 4) [39]. 
ɉɨɜɟɪɯɧɨɫɬɶ ɩɨɪɨɲɤɚ ɧɟ ɹɜɥɹɟɬɫɹ ɢɞɟɚɥɶɧɨ ɝɥɚɞɤɨɣ, ɨɧɚ ɢɦɟɟɬ 
ɨɩɪɟɞɟɥɟɧɧɵɣ ɦɢɤɪɨɪɟɥɶɟɮ ɢ ɮɨɪɦɭ. ɗɬɨ ɛɭɞɟɬ ɜɥɢɹɬɶ ɧɚ ɭɫɥɨɜɢɹ ɫɦɚɱɢɜɚɧɢɹ 
ɢ ɤɢɧɟɬɢɤɭ ɪɚɫɬɟɤɚɧɢɹ [10, 39]. 
 
 
 
Ɋɢɫɭɧɨɤ 4 – Ɇɨɞɟɥɶ ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɫɮɟɪɢɱɟɫɤɢɯ ɱɚɫɬɢɰ, ɪɚɡɞɟɥɟɧɧɵɯ  
ɠɢɞɤɨɣ ɩɪɨɫɥɨɣɤɨɣ  
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2 Ɇɟɬɨɞɢɤɚ ɢɫɫɥɟɞɨɜɚɧɢɣ  
 
ȼ ɞɚɧɧɨɣ ɝɥɚɜɟ ɢɡɥɨɠɟɧɵ ɦɟɬɨɞɢɤɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ, 
ɨɛɨɪɭɞɨɜɚɧɢɟ, ɤɨɬɨɪɨɟ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɞɥɹ ɜɵɩɨɥɧɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚ; 
ɦɟɬɨɞɢɤɚ ɚɧɚɥɢɡɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ 
ɫɨɫɬɚɜɥɹɸɳɢɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ. 
 
2.1 Ⱦɢɚɝɪɚɦɦɵ ɫɨɫɬɨяɧɢя ɢɫɫɥɟɞɭɟɦɵɯ ɫɢɫɬɟɦ 
 
ɇɚ ɪɢɫɭɧɤɟ 5 ɩɪɟɞɫɬɚɜɥɟɧɚ ɞɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ Ga–Ni [22], ɜ ɷɬɨɣ 
ɫɢɫɬɟɦɟ ɨɛɪɚɡɭɸɬɫɹ ɫɟɦɶ ɫɨɟɞɢɧɟɧɢɣ: Ga4Ni, Ga3Ni2, Ga4Ni3, GaNi, Ga2Ni3, 
Ga3Ni5 ɢ GaNi3. Ⱦɥɹ ɧɚɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɚɢɛɨɥɶɲɢɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɸɬ 
ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɟ ɫɨɟɞɢɧɟɧɢɹ Ga4Ni, Ga3Ni2, ɬɚɤ ɤɚɤ ɷɬɢ ɢɧɬɟɪɦɟɬɚɥɥɢɞɵ 
ɨɛɪɚɡɭɸɬɫɹ ɜ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɨɛɥɚɫɬɢ.  
 
 
 
Ɋɢɫɭɧɨɤ 5 – Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ ɫɢɫɬɟɦɵ Ni–Ga 
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ɇɚ ɪɢɫɭɧɤɟ 6 ɢɡɨɛɪɚɠɟɧɚ ɞɢɚɝɪɚɦɦɚ ɪɚɜɧɨɜɟɫɧɨɝɨ ɫɨɫɬɨɹɧɢɹ Cu–Ga 
[22]. ȼ ɞɚɧɧɨɣ ɫɢɫɬɟɦɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 915, 836, 485, 468 ɢ 254 ˚ ɋ ɩɪɨɬɟɤɚɸɬ 
ɩɟɪɢɬɟɤɬɢɱɟɫɤɢɟ ɪɟɚɤɰɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɮɚɡ ȕ, Ȗ, Ȗ2, Ȗ3, θ ɩɨ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɪɟɚɤɰɢɹɦ: ɀ+(Cu) ↔ ȕ; ɀ+ ȕ↔ Ȗ; ɀ+ Ȗ1↔Ȗ2; ɀ+ Ȗ2↔ Ȗ3; 
ɀ+ Ȗ3↔θ. Ⱦɪɭɝɢɟ ɮɚɡɵ ξ, Ȗ1 (Cu9Ga4) ɨɛɪɚɡɭɸɬɫɹ ɜ ɬɜɟɪɞɨɦ ɫɨɫɬɨɹɧɢɢ. Ɏɚɡɚ ξ΄ 
ɨɛɪɚɡɭɟɬɫɹ ɩɨ ɩɟɪɢɬɟɤɬɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ (Cu)+ ȕ = ξ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 620 ˚ɋ. 
ɉɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɨɤɨɥɨ 322 ˚ɋ ɢ ɧɢɠɟ, ɜ ɨɛɥɚɫɬɢ ɤɨɧɰɟɧɬɪɚɰɢɢ 21–23 % (ɚɬ.) 
Ga ɫɬɚɛɢɥɢɡɢɪɭɟɬɫɹ ɮɚɡɚ ξ΄. Ɏɚɡɚ ξ ɫɬɚɛɢɥɶɧɚ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 616–480 
˚ɋ, ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɧɢɠɟ 480 ˚ɋ ɫɬɚɛɢɥɶɧɚ ξ΄ ɮɚɡɚ. Ɏɚɡɚ Ȗ1 ɨɛɪɚɡɭɟɬɫɹ ɜ 
ɪɟɡɭɥɶɬɚɬɟ ɩɪɟɜɪɚɳɟɧɢɹ Ȗ↔Ȗ1 ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 645–490 ˚ɋ ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɨɞɟɪɠɚɧɢɹ Ga, ɤɨɝɞɚ ɧɟɭɩɨɪɹɞɨɱɟɧɧɚɹ ɮɚɡɚ Ȗ ɩɟɪɟɯɨɞɢɬ ɜ 
ɭɩɨɪɹɞɨɱɟɧɧɭɸ ɮɚɡɭ Ȗ1. Ɏɚɡɵ Ȗ1, Ȗ2 ɢ Ȗ3, ɹɜɥɹɸɬɫɹ ɬɪɟɦɹ ɦɨɞɢɮɢɤɚɰɢɹɦɢ ɮɚɡɵ 
Ȗ . 
 
 
 
Ɋɢɫɭɧɨɤ 6 – Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ ɫɢɫɬɟɦɵ Cu–Ga 
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ȼ ɫɢɫɬɟɦɟ Cu–Ga ɢɦɟɸɬ ɦɟɫɬɨ ɨɞɧɨ ɷɜɬɟɤɬɢɱɟɫɤɨɟ ɢ ɨɞɧɨ ɷɜɬɟɤɬɨɢɞɧɨɟ 
ɪɚɜɧɨɜɟɫɢɹ. ɗɜɬɟɤɬɢɤɚ ɤɪɢɫɬɚɥɥɢɡɭɟɬɫɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 29,75 ˚ɋ ɩɨ ɪɟɚɤɰɢɢ 
ɀ↔ θ+(Ga), ɩɪɢɱɟɦ ɷɜɬɟɤɬɢɱɟɫɤɚɹ ɬɨɱɤɚ ɛɥɢɡɤɚ ɩɨ ɫɨɫɬɚɜɭ ɤ ɱɢɫɬɨɦɭ Ga. 
ɗɜɬɟɤɬɨɢɞɧɨɟ ɪɚɜɧɨɜɟɫɢɟ ɧɚɛɥɸɞɚɟɬɫɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 616 ˚ɋ: ȕ↔ ξ+ Ȗ  
Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ ɋu– Ni ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 7 [22]. ȼ ɢɧɬɟɪɜɚɥɟ 
ɬɟɦɩɟɪɚɬɭɪ 1000—1500°ɋ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɜɟɞɟɧɨ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɤɚɬɨɞɧɨɣ ɋu ɱɢɫɬɨɬɨɣ 99,99% (ɩɨ ɦɚɫɫɟ) ɢ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɨɝɨ Ni ɱɢɫɬɨɬɨɣ 
99,95% (ɩɨ ɦɚɫɫɟ) ɦɟɬɨɞɨɦ ɦɢɤɪɨɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɨɝɨ ɚɧɚɥɢɡɚ ɨɛɪɚɡɰɨɜ, 
ɡɚɤɚɥɟɧɧɵɯ ɢɡ ɬɜɟɪɞɨɠɢɞɤɨɝɨ ɫɨɫɬɨɹɧɢɹ.  
 
 
 
Ɋɢɫɭɧɨɤ 7 – Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ ɫɢɫɬɟɦɵ Ni-Cu 
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Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ Cu - Ni ɩɨɥɭɱɟɧf ɦɟɬɨɞɚɦɢ ɬɟɪɦɢɱɟɫɤɨɝɨ, 
ɦɟɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɝɨ ɢ ɦɢɤɪɨɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɨɝɨ ɚɧɚɥɢɡɨɜ ɜ ɨɛɥɚɫɬɢ 
ɤɨɧɰɟɧɬɪɚɰɢɣ 0-100% (ɚɬ.) Ni. ɋɢɫɬɟɦɚ ɋu—Ni ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɨɛɪɚɡɨɜɚɧɢɟɦ 
ɜ ɩɪɨɰɟɫɫɟ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɧɟɩɪɟɪɵɜɧɨɝɨ ɪɹɞɚ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ (ɋɢ, Ni) ɫ 
ɝɪɚɧɟɰɟɧɬɪɢɪɨɜɚɧɧɨɣ ɤɭɛɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ.  
Ƚɪɚɧɢɰɚ ɪɚɫɫɥɚɢɜɚɧɢɹ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɢ ɤɪɢɬɢɱɟɫɤɚɹ ɬɨɱɤɚ 
ɧɟɫɦɟɲɢɜɚɟɦɨɫɬɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɢɤɟɥɹ 69,7% (ɚɬ.) ɢ 
ɬɟɦɩɟɪɚɬɭɪɟ 342°ɋ ɩɪɢɜɟɞɟɧɚ ɧɚ ɨɫɧɨɜɚɧɢɢ ɪɚɫɱɟɬɚ, ɩɪɨɜɟɞɟɧɧɨɝɨ ɩɨ 
ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɦ ɤɨɧɫɬɚɧɬɚɦ [32]. 
 
 
 
Ɋɢɫɭɧɨɤ 8 – Ɋɚɫɱɟɬɧɨɟ ɢɡɨɬɟɪɦɢɱɟɫɤɨɟ ɫɟɱɟɧɢɟ ɬɪɨɣɧɨɣ ɮɚɡɨɜɨɣ ɞɢɚɝɪɚɦɦɵ Cu-Ga-Ni  
ɩɪɢ 298 Ʉ  
 
ɇɚ ɪɢɫɭɧɤɟ 8 ɢɡɨɛɪɚɠɟɧɚ ɬɪɨɣɧɚɹ ɞɢɚɝɪɚɦɦɚ ɪɚɜɧɨɜɟɫɧɨɝɨ ɫɨɫɬɨɹɧɢɹ  
Cu – Ni – Ga ɩɪɢ 298 Ʉ (25°ɋ) [37]. Ⱦɪɭɝɢɯ ɢɫɬɨɱɧɢɤɨɜ ɩɨ ɞɢɚɝɪɚɦɦɟ ɫɨɫɬɨɹɧɢɹ 
Cu–Ni–Ga ɧɟ ɧɚɣɞɟɧɨ. 
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2.2 ɋɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚ 
  
Ⱦɥɹ ɜɵɹɫɧɟɧɢɹ ɩɪɢɪɨɞɵ ɢ ɦɟɯɚɧɢɡɦɚ ɨɛɪɚɡɨɜɚɧɢɹ ɧɨɜɵɯ ɮɚɡ ɩɪɢ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɧɚ ɨɫɧɨɜɟ 
ɝɚɥɥɢɹ ɧɟɨɛɯɨɞɢɦɨ ɜɵɹɜɢɬɶ ɩɚɪɚɦɟɬɪɵ, ɨɩɪɟɞɟɥɹɸɳɢɟ ɩɪɨɰɟɫɫ, – ɬɨɥɳɢɧɭ 
ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɫɥɨɹ, ɫɤɨɪɨɫɬɶ ɨɛɪɚɡɨɜɚɧɢɹ ɢ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ, ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɜɡɚɢɦɧɨɣ ɞɢɮɮɭɡɢɢ.  
ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ 
ɫɨɫɬɚɜɥɹɸɳɢɯ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɬɜɟɪɞɵɣ ɫɩɥɚɜ – 
ɪɚɫɩɥɚɜ ɩɪɢ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɟ ɨɬ 8 ɞɨ 16 ɱɚɫɨɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 270 
ɢ 380 ˚ɋ, ɫɨɫɬɚɜ ɢ ɫɬɪɭɤɬɭɪɚ ɧɨɜɵɯ ɮɚɡ, ɪɚɫɫɱɢɬɵɜɚɥɢɫɶ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɜ ɨɛɪɚɡɭɸɳɢɯɫɹ ɧɨɜɵɯ ɮɚɡɚɯ.   
Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɜɥɢɹɧɢɹ ɫɨɫɬɚɜɚ ɬɜɟɪɞɨɣ ɢɫɯɨɞɧɨɣ ɮɚɡɵ ɧɚ ɤɢɧɟɬɢɤɭ 
ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɩɪɢɦɟɧɹɥɢ ɱɢɫɬɵɟ ɦɟɬɚɥɥɵ Cu, Ni, ɢ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɵɟ 
ɫɩɥɚɜɵ monel-400, Ɇɇ-19 (ɦɟɥɶɯɢɨɪ). Ɂɚ ɨɫɧɨɜɭ ɠɢɞɤɨɣ ɮɚɡɵ ɧɚ ɞɚɧɧɨɦ ɷɬɚɩɟ 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɪɚɥɢ ɱɢɫɬɵɣ Ga. ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ ɜɨɡɦɨɠɧɨ ɢɞɟɬ ɩɨ ɫɯɟɦɚɦ: 
 
A+C →AnCm;  
В+С→ВnCm,;  
D+С→ (AnCm+BnCm);  
F+С→.(AnCm+BnCm,); 
(2.1) 
 
ɝɞɟ     А – ɋu;  
B – Ni; C
 
– Ga;  
D – monel-400;  
F – Ɇɇ-19(ɦɟɥɶɯɢɨɪ); 
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2.3 ɂɫɯɨɞɧɵɟ ɦɚɬɟɪɢɚɥɵ ɢ ɨɛɪɚɡɰɵ 
 
Ⱦɥɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɩɪɢɦɟɧɹɥɢɫɶ 
ɤɨɦɩɨɧɟɧɬɵ, ɩɪɢɜɟɞɟɧɧɵɟ ɜ ɬɚɛɥɢɰɟ 3.  
 
Ɍɚɛɥɢɰɚ 3 – ɂɫɯɨɞɧɵɟ ɦɚɬɟɪɢɚɥɵ 
Ɇɟɬɚɥɥ Ɇɚɪɤɚ 
Ƚɚɥɥɢɣ ȽɅ-0 ȽɈɋɌ 12797-77 
Ɇɟɞɶ Ɇ1 ȽɈɋɌ 859-2014 
Ɇɨɧɟɥɶ Monel-400 UNS N04400 
ɇɢɤɟɥɶ ȽɈɋɌ 4038-79 
Ɇɟɥɶɯɢɨɪ Ɇɇ-19 ȽɈɋɌ 492-2006 
 
ɂɫɯɨɞɧɵɟ ɨɛɪɚɡɰɵ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɟɞɫɬɚɜɥɹɥɢ ɫɨɛɨɣ ɨɛɨɣɦɭ 
ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɮɨɪɦɵ Ø 14 ɦɦ, ɜɵɫɨɬɨɣ 12 ɦɦ ɢɡ ɦɟɞɢ ɦɚɪɤɢ Ɇ1, ɫ ɬɪɟɦɹ 
ɨɬɜɟɪɫɬɢɹɦɢ Ø 4 ɦɦ ɞɥɹ ɡɚɩɪɟɫɫɨɜɤɢ ɩɚɫɬ ɪɚɡɧɨɝɨ ɫɨɫɬɚɜɚ ɧɚ ɨɫɧɨɜɟ ɝɚɥɥɢɹ.  
 
 
Ɋɢɫɭɧɨɤ 9 – Ɇɟɞɧɚɹ ɨɛɨɣɦɚ ɫ ɬɪɟɦɹ ɝɥɭɯɢɦɢ ɨɬɜɟɪɫɬɢɹɦɢ 
 
ɉɨɫɥɟ ɡɚɩɪɟɫɫɨɜɤɢ ɩɚɫɬɵ ɨɛɪɚɡɰɵ ɩɨɞɜɟɪɝɚɥɢɫɶ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ 
ɜɵɞɟɪɠɤɟ ɨɬ 8 ɞɨ 16 ɱɚɫɨɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 270 ɢ 380 ˚ɋ. Ⱦɚɥɟɟ 
ɢɡɝɨɬɚɜɥɢɜɚɥɢɫɶ ɲɥɢɮɵ ɞɥɹ ɦɟɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ. 
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ɉɪɢɝɨɬɨɜɥɟɧɢɟ ɨɛɪɚɡɰɨɜ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ ɜɤɥɸɱɚɟɬ 
ɧɟɫɤɨɥɶɤɨ ɷɬɚɩɨɜ: ɲɥɢɮɨɜɚɧɢɟ, ɩɨɥɢɪɨɜɚɧɢɟ. 
ɒɥɢɮɨɜɚɧɢɟ ɩɪɨɜɨɞɢɥɢ ɜɪɭɱɧɭɸ ɧɚ ɧɚɠɞɚɱɧɨɣ ɛɭɦɚɝɟ, 
ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɫ ɩɨɫɬɟɩɟɧɧɵɦ ɭɦɟɧɶɲɟɧɢɟɦ ɪɚɡɦɟɪɚ ɚɛɪɚɡɢɜɧɵɯ ɡɟɪɟɧ 
ɧɚɠɞɚɱɧɨɣ ɛɭɦɚɝɢ (400, 800, 1000, 1500, 2000, 2500). ɉɨɫɥɟ ɲɥɢɮɨɜɚɧɢɹ 
ɨɛɪɚɡɰɵ ɩɪɨɦɵɜɚɥɢɫɶ ɜɨɞɨɣ ɢ ɩɪɨɬɢɪɚɥɢɫɶ ɫɩɢɪɬɨɦ. 
ɉɨɥɢɪɨɜɚɧɢɟ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɬɚɤɠɟ ɜɪɭɱɧɭɸ ɫ ɩɨɦɨɳɶɸ 
ɩɨɥɢɪɨɜɚɥɶɧɨɣ ɩɚɫɬɵ ɤɨɦɩɚɧɢɢ 3ton, ɩɨɥɢɪɨɜɤɚ ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɧɚ ɬɤɚɧɢ 
Micro Fiber, ɩɨɫɥɟ ɩɨɥɢɪɨɜɚɧɢɹ ɨɛɪɚɡɰɵ ɩɪɨɦɵɜɚɸɬ ɜɨɞɨɣ, ɩɨɥɢɪɨɜɚɧɧɭɸ 
ɩɨɜɟɪɯɧɨɫɬɶ ɩɪɨɬɢɪɚɥɢ ɫɦɨɱɟɧɧɨɣ ɫɩɢɪɬɨɦ ɜɚɬɨɣ ɢ ɩɨɞɜɟɪɝɚɥɢ ɫɭɲɤɟ. 
 
2.4 Ɍɟɪɦɢɱɟɫɤɨɟ ɨɛɨɪɭɞɨɜɚɧɢɟ  
 
ɂɡɨɬɟɪɦɢɱɟɫɤɚɹ ɜɵɞɟɪɠɤɚ ɨɛɪɚɡɰɨɜ ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɜ ɦɭɮɟɥɶɧɨɣ ɩɟɱɢ 
ɆɂɉɆ-17ɉ (ɪɢɫɭɧɨɤ 10), ɨɧɚ ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥɹ ɩɪɨɜɟɞɟɧɢɹ ɚɧɚɥɢɬɢɱɟɫɤɢɯ 
ɪɚɛɨɬ c ɪɚɡɥɢɱɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ, a ɬɚɤɠɟ ɞɥɹ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ ɜ ɩɨɫɬɨɹɧɧɵɯ 
ɭɫɥɨɜɢɹɯ. Ɇɚɤɫɢɦɚɥɶɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɧɚɝɪɟɜɚ ɩɟɱɢ ɞɨ 1250˚ɋ. 
 
 
 
Ɋɢɫɭɧɨɤ 10 – ɉɟɱɶ ɦɭɮɟɥɶɧɚɹ ɆɂɆɉ-17ɉ  
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2.5 Ɇɟɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢя 
 
ɉɨɫɥɟ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɢ ɝɨɬɨɜɢɥɢɫɶ ɲɥɢɮɵ ɞɥɹ 
ɦɟɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɚ ɦɢɤɪɨɫɤɨɩɟ Axio Obserwer (ɪɢɫɭɧɨɤ 
11). Ɂɚɞɚɱɟɣ ɦɟɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɵɥɨ ɜɵɹɜɥɟɧɢɟ ɤɨɥɢɱɟɫɬɜɚ, 
ɮɨɪɦɵ ɢ ɲɢɪɢɧɵ ɞɢɮɮɭɡɢɨɧɧɵɯ ɫɥɨɟɜ. 
 
 
 
Ɋɢɫɭɧɨɤ 11 – Ɇɢɤɪɨɫɤɨɩ Axio Obserwer 
 
2.6 ɂɡɭɱɟɧɢɟ ɷɥɟɦɟɧɬɧɨɝɨ ɢ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɞɢɮɮɭɡɢɨɧɧɵɯ ɡɨɧ  
 
ɉɪɟɞɜɚɪɢɬɟɥɶɧɨ ɦɢɤɪɨɲɥɢɮɵ ɢɡɭɱɚɥɢɫɶ ɧɚ ɨɩɬɢɱɟɫɤɨɦ ɦɢɤɪɨɫɤɨɩɟ 
Carl Zeiss Jena ɩɪɢ ɭɜɟɥɢɱɟɧɢɹɯ ɨɬ ɯ300 ɢ ɜɵɲɟ, ɛɨɥɟɟ ɞɟɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɧɵ 
ɜ ɫɤɚɧɢɪɭɸɳɟɦ ɷɥɟɤɬɪɨɧɧɨɦ ɦɢɤɪɨɫɤɨɩɟ (ɋɗɆ) JEOL JSM 7001F (ɪɢɫɭɧɨɤ 
12) ɩɪɢ ɭɫɤɨɪɹɸɳɟɦ ɧɚɩɪɹɠɟɧɢɢ 10 ɢ 15 ɤȼ, ɧɚ ɪɚɡɧɵɯ ɭɜɟɥɢɱɟɧɢɹɯ.  
ɉɪɢ ɩɪɨɜɟɞɟɧɢɢ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ 
ɢɫɩɨɥɶɡɨɜɚɧɵ ɫɥɟɞɭɸɳɢɟ ɪɟɠɢɦɵ: 
–SEI – ɞɥɹ ɫɨɡɞɚɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ ɜɨ ɜɬɨɪɢɱɧɵɯ ɷɥɟɤɬɪɨɧɚɯ, ɤɨɬɨɪɵɟ 
ɨɛɥɚɞɚɸɬ ɧɢɡɤɨɣ ɷɧɟɪɝɢɟɣ ( 50 ɷȼ), ɢɡɨɛɪɚɠɟɧɢɟ ɨɬɪɚɠɚɟɬ ɨɫɨɛɟɧɧɨɫɬɢ 
ɦɨɪɮɨɥɨɝɢɢ ɩɨɜɟɪɯɧɨɫɬɢ; 
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– COMPO – ɞɥɹ ɫɨɡɞɚɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ ɜ ɨɛɪɚɬɧɨ ɪɚɫɫɟɹɧɧɵɯ ɢɥɢ 
ɨɬɪɚɠɟɧɧɵɯ ɷɥɟɤɬɪɨɧɚɯ (ɷɧɟɪɝɢɹ> 50 ɷȼ), ɬ.ɤ. ɤɨɷɮɮɢɰɢɟɧɬ ɨɛɪɚɬɧɨɝɨ 
ɪɚɫɫɟɹɧɢɹ ɷɥɟɤɬɪɨɧɨɜ ɡɚɜɢɫɢɬ ɨɬ ɚɬɨɦɧɨɝɨ ɧɨɦɟɪɚ ɷɥɟɦɟɧɬɚ, ɬɨ 
ɞɟɬɟɤɬɢɪɨɜɚɧɢɟ ɷɬɨɝɨ ɫɢɝɧɚɥɚ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ ɢɡɨɛɪɚɠɟɧɢɟ ɫ ɜɵɫɨɤɢɦ 
ɮɚɡɨɜɵɦ ɤɨɧɬɪɚɫɬɨɦ; 
– TOPO – ɬɨɩɨɝɪɚɮɢɱɟɫɤɢɣ ɤɨɧɬɪɚɫɬ ɨɬ ɪɟɥɶɟɮɚ ɩɨɜɟɪɯɧɨɫɬɢ. 
Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɜ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɟ ɢɫɫɥɟɞɨɜɚɥɢ ɫ 
ɩɪɢɦɟɧɟɧɢɟɦ ɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɫɩɟɤɬɪɨɦɟɬɪɚ, ɤɨɬɨɪɵɣ ɹɜɥɹɟɬɫɹ 
ɫɨɫɬɚɜɧɨɣ ɱɚɫɬɶɸ ɚɧɚɥɢɬɢɱɟɫɤɨɝɨ ɤɨɦɩɥɟɤɫɚ ɧɚ ɛɚɡɟ JEOL JSM 7001F. 
Ⱦɟɬɟɤɬɨɪ ɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɫɩɟɤɬɪɨɦɟɬɪɚ ɫɩɨɫɨɛɟɧ ɪɟɝɢɫɬɪɢɪɨɜɚɬɶ ɞɨ 50 
ɷɥɟɦɟɧɬɨɜ ɡɚ ɢɡɦɟɪɟɧɢɟ. ɋɩɟɤɬɪɨɦɟɬɪ ɩɨɡɜɨɥɹɟɬ ɚɧɚɥɢɡɢɪɨɜɚɬɶ ɯɢɦɢɱɟɫɤɢɟ 
ɷɥɟɦɟɧɬɵ ɨɬ B ɞɨ U. 
ɋɤɚɧɢɪɨɜɚɧɢɟ ɷɥɟɦɟɧɬɧɨɝɨ ɫɨɫɬɚɜɚ ɩɪɨɜɨɞɢɥɢ ɩɨ ɩɥɨɳɚɞɢ, ɜ ɬɨɱɤɟ, ɩɨ 
ɥɢɧɢɢ, ɡɚɞɚɜɚɹ ɧɟɨɛɯɨɞɢɦɵɣ ɲɚɝ. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɲɢɪɢɧɵ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ 
ɩɨɫɬɪɨɟɧɵ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ ɫ ɧɚɥɨɠɟɧɢɟɦ ɧɚ 
ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɟ ɢɡɨɛɪɚɠɟɧɢɹ ɦɢɤɪɨɫɬɪɭɤɬɭɪ. 
 
 
 
Ɋɢɫɭɧɨɤ 12 – ɋɤɚɧɢɪɭɸɳɢɣ ɷɥɟɤɬɪɨɧɧɵɣ ɦɢɤɪɨɫɤɨɩ (ɋɗɆ) JEOL JSM 7001F 
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2.7 Ɏɚɡɨɜɵɣ ɪɟɧɬɝɟɧɨɜɫɤɢɣ ɚɧɚɥɢɡ 
 
ɋ ɩɨɦɨɳɶɸ ɞɢɮɪɚɤɬɨɦɟɬɪɚ BRUKER D8 ADVANCE, ɦɟɬɨɞɨɦ 
ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɰɢɢ ɭɞɚɥɨɫɶ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɬɶ ɮɚɡɵ ɤɪɢɫɬɚɥɥɢɬɨɜ, 
ɩɪɨɜɨɞɢɬɶ ɢɯ ɤɨɥɢɱɟɫɬɜɟɧɧɵɣ ɚɧɚɥɢɡ ɢ ɨɩɪɟɞɟɥɹɬɶ ɚɬɨɦɧɭɸ ɫɬɪɭɤɬɭɪɭ 
ɤɪɢɫɬɚɥɥɢɬɨɜ ɫ ɦɢɧɢɦɚɥɶɧɨɣ ɩɪɨɛɨɩɨɞɝɨɬɨɜɤɨɣ. ɗɬɨ ɩɨɡɜɨɥɢɥɨ 
ɩɪɟɞɨɬɜɪɚɬɢɬɶ ɪɢɫɤ ɩɨɜɪɟɠɞɟɧɢɹ ɮɚɡ ɢ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɩɪɨɛɵ.  
ȼ ɪɟɚɥɶɧɨɫɬɢ, ɢɫɫɥɟɞɨɜɚɬɶ ɩɪɨɛɭ ɫɥɨɠɧɨɝɨ ɫɨɫɬɚɜɚ ɞɪɭɝɢɦɢ ɦɟɬɨɞɚɦɢ 
ɞɨɫɬɚɬɨɱɧɨ ɫɥɨɠɧɨ. ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɜ ɞɢɮɪɚɤɬɨɝɪɚɦɦɟ ɥɸɛɚɹ ɞɟɬɚɥɶ ɧɟɫɟɬ 
ɩɨɥɟɡɧɭɸ ɢɧɮɨɪɦɚɰɢɸ ɢ ɩɨɡɜɨɥɹɟɬ ɩɪɨɜɨɞɢɬɶ ɜɫɟɫɬɨɪɨɧɧɟɟ ɢɫɫɥɟɞɨɜɚɧɢɟ 
ɩɪɨɛɵ.  
Ⱦɢɮɪɚɤɬɨɝɪɚɦɦɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɢɤɨɜ 
ɨɩɪɟɞɟɥɟɧɧɨɣ ɮɨɪɦɵ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɷɧɟɪɝɢɢ 
ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ ɤɨɧɤɪɟɬɧɨɣ ɮɚɡɵ. ɉɪɢ ɧɚɥɢɱɢɢ ɷɬɢɯ ɞɚɧɧɵɯ 
ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɡɚɤɥɸɱɟɧɢɟ ɨ ɩɚɪɚɦɟɬɪɚɯ ɩɪɨɛɵ ɢ ɩɨɥɭɱɢɬɶ ɫɥɟɞɭɸɳɭɸ 
ɢɧɮɨɪɦɚɰɢɸ: 
– ɉɥɨɬɧɨɫɬɶ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɮɚɡɵ. 
– Ʉɨɥɢɱɟɫɬɜɨ ɮɚɡ. 
– Ɍɟɤɫɬɭɪɚ. 
– Ɉɫɬɚɬɨɱɧɵɟ ɧɚɩɪɹɠɟɧɢɹ. 
– ɋɬɪɭɤɬɭɪɚ ɤɪɢɫɬɚɥɥɢɬɚ. 
– Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ. 
Ⱦɢɮɪɚɤɬɨɦɟɬɪ BRUKER D8 ADVANCE ɫɧɚɛɠɟɧ ɤɚɦɟɪɚɦɢ-
ɩɪɢɫɬɚɜɤɚɦɢ, ɩɨɡɜɨɥɹɸɳɢɦɢ ɢɡɭɱɚɬɶ ɨɛɪɚɡɰɵ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ ɨɬ –190 
ɞɨ 900˚ɋ.  
ɋɩɟɰɢɚɥɶɧɵɣ ɦɨɞɭɥɶ, ɜɫɬɚɜɥɹɟɦɵɣ ɜ ɝɨɧɢɨɦɟɬɪ, ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ 
ɩɪɨɜɨɞɢɬɶ ɞɢɮɪɚɤɰɢɨɧɧɵɟ ɢɡɦɟɪɟɧɢɹ ɨɛɪɚɡɰɨɜ, ɡɚɝɪɭɠɟɧɧɵɯ ɜ ɤɚɩɢɥɥɹɪɵ.  
Ɋɚɡɪɚɛɚɬɵɜɚɟɦɵɟ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɤɸɜɟɬɵ ɩɨɡɜɨɥɹɬ ɩɪɨɜɨɞɢɬɶ 
ɤɨɦɩɥɟɤɫɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɬɪɭɤɬɭɪɵ ɠɢɞɤɨɮɚɡɧɵɯ ɫɢɫɬɟɦ. 
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2.8 ɂɫɫɥɟɞɨɜɚɧɢɟ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ 
 
ɂɫɩɵɬɚɧɢɹ ɧɚ ɦɢɤɪɨɬɜɟɪɞɨɫɬɶ ɩɪɨɜɨɞɢɥɢɫɶ ɫ ɩɨɦɨɳɶɸ ɩɪɢɛɨɪɚ ɉɆɌ–
3. Ɂɚɦɟɪɵ ɨɫɭɳɟɫɬɜɥɹɥɢɫɶ ɩɭɬɟɦ ɜɞɚɜɥɢɜɚɧɢɹ ɱɟɬɵɪɟɯɝɪɚɧɧɨɣ ɚɥɦɚɡɧɨɣ 
ɩɢɪɚɦɢɞɤɨɣ ɩɪɢ ɧɚɝɪɭɡɤɟ 200 ɝ. Ʉɚɠɞɨɟ ɢɡɦɟɪɟɧɢɟ ɩɪɨɜɨɞɢɥɨɫɶ ɧɟ ɦɟɧɟɟ ɬɪɟɯ 
ɪɚɡ, ɩɪɢ ɪɚɫɱɟɬɚɯ ɩɨ ɤɚɠɞɨɣ ɬɨɱɤɟ ɧɚɯɨɞɢɥɨɫɶ ɫɪɟɞɧɟɟ ɚɪɢɮɦɟɬɢɱɟɫɤɨɟ 
ɡɧɚɱɟɧɢɟ. ɂɫɫɥɟɞɨɜɚɥɚɫɶ ɦɢɤɪɨɬɜɟɪɞɨɫɬɶ ɩɨ ɫɟɱɟɧɢɸ ɱɚɫɬɢɰɵ ɨɬ ɫɟɪɟɞɢɧɵ 
(ɢɫɯɨɞɧɵɣ ɦɚɬɟɪɢɚɥ) ɤ ɡɨɧɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ (ɞɢɮɮɭɡɢɨɧɧɨɦɭ ɫɥɨɸ). 
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3 ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɤɢɧɟɬɢɤɢ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢя 
 
Ƚɥɚɜɧɨɟ ɜɧɢɦɚɧɢɟ ɜ ɞɚɧɧɨɣ ɝɥɚɜɟ ɭɞɟɥɹɟɬɫɹ ɤɢɧɟɬɢɤɟ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ 
ɢ ɩɚɪɚɦɟɬɪɚɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɜɵɛɪɚɧɧɵɯ ɬɜɟɪɞɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ 
ɞɢɮɮɭɡɢɨɧɧɨ-ɬɜɟɪɞɟɸɳɢɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ. 
 
3.1 ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ 
 
 ȼ ɯɨɞɟ ɪɚɛɨɬɵ ɛɵɥɨ ɩɪɢɝɨɬɨɜɥɟɧɨ ɨɤɨɥɨ 40 ɨɛɪɚɡɰɨɜ ɫ ɪɚɡɧɨɨɛɪɚɡɧɵɦɢ 
ɫɨɫɬɚɜɚɦɢ ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɬɟɪɦɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɨɣ. ȼɫɟ ɞɚɧɧɵɟ ɩɨ 
ɪɟɠɢɦɚɦ ɢ ɫɨɫɬɚɜɚɦ ɩɪɢɩɨɟɜ ɫɜɟɞɟɧɵ ɜ ɨɛɳɭɸ ɬɚɛɥɢɰɭ 4, ɚ ɪɚɡɦɟɪɵ 
ɨɛɪɚɡɨɜɚɜɲɢɯɫɹ ɧɨɜɵɯ ɮɚɡ ɜ ɬɚɛɥɢɰɭ 5. 
 
Ɍɚɛɥɢɰɚ 4 – Ɋɟɠɢɦɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɢ ɫɨɫɬɚɜɵ ɦɨɞɟɥɟɣ ɩɪɢɩɨɟɜ 
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ɋɨɫɬɚɜ ɩɪɢɩɨɹ 
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ɟɪɚ
ɬɭɪ
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ɚɫ 
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Cu
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(Ɇ
ɟɥɶ
ɯɢɨ
ɪ)%
 
Cu
 
(ɦɟ
ɥɤɢ
ɣ),
%
 
Co
, 
%
 
A
g,
 
%
 
1 Monel-400 38 - - 17 - - - 45 260 48 
2 Monel-400 38 - - 32 - - - 30 260 48 
3 Monel-400 38 - - 47 - - - 15 260 48 
4 Monel-400 31,1 - - 34,45 - - - 34,45 160 72 
5 Monel-400 29,7 33,9 - 36,4 - - - - 160 72 
6 Ɇ1 55 - - 5 - - 40 - 270 10 
7 Ɇ1 32 - - 68 - - - - 360 8 
8 Ɇ1 32 - - 68 - - - - 360 16 
9 Monel-400 50 - - 50 - - - - 270 8 
10 Monel-400 40 - - 60 - - - - 270 8 
11 Monel-400 30 - - 70 - - - - 270 8 
12 Ɇ1 40 20 20 20 - - - - 380 2 
13 Ɇ1 40 20 20 20 - - - - 380 4 
14 Ɇ1 40 20 20 20 - - - - 380 6 
15 Ɇ1 32 - - 68 - - - - 270 8 
16 Ɇ1 40 20 20 20 - - - - 270 8 
17 Ɇ1 32 - - 68 - - - - 270 16 
18 Ɇ1 40 20 20 20 - - - - 270 16 
19 Ɇ1 32 - - 18 - 50 - - 270 16 
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Ɉɤɨɧɱɚɧɢɟ ɬɚɛɥɢɰɵ 4 
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20 Ɇ1 32 - - 68 - - - - 380 8 
21 Ɇ1 40 20 20 20 - - - - 380 8 
22 Ɇ1 32 - - 68 - - - - 380 16 
23 Ɇ1 40 20 20 20 - - - - 380 16 
24 Ɇ1 32 - - 18 - 50 - - 380 16 
25 Ɇ1 32 - - - 68 - - - 270 8 
26 Ɇ1 40 20 20 - 20 - - - 270 8 
27 Ɇ1 50 - - - 50 - - - 270 8 
28 Ɇ1 40 20 20 - 20 - - - 270 16 
29 Ɇ1 40 20 20 - 20 - - - 270 16 
30 Ɇ1 50 - - - 50 - - - 270 16 
31 Ɇ1 40 20 20 - 20 - - - 380 8 
32 Ɇ1 40 20 20 - 20 - - - 380 8 
33 Ɇ1 35 - 65 - - - - - 380 8 
34 Ɇ1 40 20 20 - 20 - - - 380 16 
35 Ɇ1 40 20 20 - 20 - - - 380 16 
36 Ɇ1 35 - 65 - - - - - 380 16 
 
3.2 ɂɫɫɥɟɞɨɜɚɧɢɟ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢя ɜ ɫɢɫɬɟɦɟ monel-400 – Ga 
 
Ɇɢɤɪɨɫɬɪɭɤɬɭɪɵ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɫɥɨɹ, ɩɨɥɭɱɟɧɧɨɝɨ ɧɚ ɱɚɫɬɢɰɚɯ ɦɟɞɧɨ-
ɧɢɤɟɥɟɜɵɯ ɫɩɥɚɜɚɯ monel-400 (Ni 64 % – Cu 34 %) ɩɨɫɥɟ ɤɨɧɬɚɤɬɢɪɨɜɚɧɢɹ c 
ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 12. 
 
 ɚ  ɛ 
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 ɜ 
 ɝ 
 
Ɋɢɫɭɧɨɤ 12 – Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɫɥɨɹ, ɩɨɥɭɱɟɧɧɨɝɨ ɧɚ ɨɛɪɚɡɰɚɯ:  
ɚ, ɛ – ɱɚɫɬɢɰɵ ɫɩɥɚɜɚ monel-400 ɩɨɫɥɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɩɪɢ t = 270˚C ɜ 
ɬɟɱɟɧɢɢ 8 ɢ 16 ɱ. ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ; ɜ, ɝ – ɱɚɫɬɢɰɵ ɫɩɥɚɜɚ monel-400 ɩɨɫɥɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ 
ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ ɩɪɢ t = 380˚C ɜ ɬɟɱɟɧɢɢ 8 ɢ 16 ɱ. ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
 
ɇɚ ɪɢɫɭɧɤɚɯ 13, ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɤɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ 
ɮɚɡ ɧɚ ɨɛɪɚɡɰɚɯ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ ɫɩɥɚɜɚ monel-400 c ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɩɪɢ 
ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɟ, ɪɟɡɭɥɶɬɚɬɵ ɢɡɨɛɪɚɠɟɧɵ ɝɪɚɮɢɱɟɫɤɢ ɜ 
ɤɨɨɪɞɢɧɚɬɚɯ: x – ɬɨɥɳɢɧɚ ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɥɨɹ ɜ ɦɢɤɪɨɦɟɬɪɚɯ ɢ τ – 
ɜɪɟɦɹ ɜɵɞɟɪɠɤɢ ɜ ɱɚɫɚɯ.  
 
 
Ɋɢɫɭɧɨɤ 13 – Ʉɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɩɪɢ ɤɨɧɬɚɤɬɟ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ 
ɫɩɥɚɜɚ monel-400 ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, t  = 270 ɢ 380 ˚C 
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3.3 ɂɫɫɥɟɞɨɜɚɧɢɟ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢя ɜ ɫɢɫɬɟɦɟ ɦɟɥɶɯɢɨɪ – Ga 
 
Ɇɢɤɪɨɫɬɪɭɤɬɭɪɵ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɫɥɨɹ, ɩɨɥɭɱɟɧɧɨɝɨ ɧɚ ɱɚɫɬɢɰɚɯ ɦɟɞɧɨ-
ɧɢɤɟɥɟɜɵɯ ɫɩɥɚɜɚɯ ɦɟɥɶɯɢɨɪ Ɇɇ-19 (Ni 18 % – Cu 82 %) ɩɨɫɥɟ 
ɤɨɧɬɚɤɬɢɪɨɜɚɧɢɹ c ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 14  
 
 
ɚ 
 
ɛ 
 
ɜ 
 
ɝ 
Ɋɢɫɭɧɨɤ 14 – Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɫɥɨɹ, ɩɨɥɭɱɟɧɧɨɝɨ ɧɚ ɨɛɪɚɡɰɚɯ:  
ɚ, ɛ – ɱɚɫɬɢɰɵ ɫɩɥɚɜɚ ɦɟɥɶɯɢɨɪɚ ɩɨɫɥɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɩɪɢ t = 270˚C ɜ 
ɬɟɱɟɧɢɢ 8 ɢ 16 ɱ. ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ; ɜ, ɝ – ɱɚɫɬɢɰɵ ɫɩɥɚɜɚ ɦɟɥɶɯɢɨɪɚ ɩɨɫɥɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ 
ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɩɪɢ t = 380˚C, ɜɪɟɦɹ ɜɵɞɟɪɠɤɢ 8 ɢ 16 ɱ. ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
 
ɇɚ ɪɢɫɭɧɤɚɯ 15, ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɤɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ 
ɮɚɡ ɧɚ ɱɚɫɬɢɰɚɯ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ ɫɩɥɚɜɚ ɦɟɥɶɯɢɨɪ (Ɇɇ-19) ɩɪɢ ɤɨɧɬɚɤɬɟ c 
ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ ɩɪɢ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɟ ɜ ɤɨɨɪɞɢɧɚɬɚɯ: x – ɬɨɥɳɢɧɚ 
ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɥɨɹ ɜ ɦɢɤɪɨɦɟɬɪɚɯ ɢ τ – ɜɪɟɦɹ ɜɵɞɟɪɠɤɢ ɜ ɱɚɫɚɯ. 
44 
 
Ɋɢɫɭɧɨɤ 15 – Ʉɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɩɪɢ ɤɨɧɬɚɤɬɟ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ 
ɫɩɥɚɜɚ ɦɟɥɶɯɢɨɪ (Ɇɇ-19) ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, t = 270 ɢ 380 ˚C 
 
ɇɚ ɪɢɫɭɧɤɚɯ 16, ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɤɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ 
ɮɚɡ ɧɚ ɨɛɪɚɡɰɚɯ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ ɫɩɥɚɜɚ monel-400 ɢ ɦɟɥɶɯɢɨɪ (Ɇɇ-19) c 
ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, ɩɪɢ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɟ, ɪɟɡɭɥɶɬɚɬɵ ɢɡɨɛɪɚɠɟɧɵ 
ɝɪɚɮɢɱɟɫɤɢ ɜ ɤɨɨɪɞɢɧɚɬɚɯ: x – ɬɨɥɳɢɧɚ ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɥɨɹ ɜ 
ɦɢɤɪɨɦɟɬɪɚɯ ɢ τ – ɜɪɟɦɹ ɜɵɞɟɪɠɤɢ ɜ ɱɚɫɚɯ.  
 
 
 
Ɋɢɫɭɧɨɤ 16 – Ʉɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɩɪɢ ɤɨɧɬɚɤɬɟ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɵɯ 
ɫɩɥɚɜɨɜ monel-400 ɢ ɦɟɥɶɯɢɨɪ (Ɇɇ-19) ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, t = 270 ɢ 380 ˚C 
 
 ɉɨɫɥɟ ɦɟɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɫɜɟɞɟɧɵ 
ɜ ɨɛɳɭɸ ɬɚɛɥɢɰɭ 5. 
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45 
Ɍɚɛɥɢɰɚ 5 – Ɍɨɥɳɢɧɵ ɨɛɪɚɡɨɜɚɜɲɢɯɫɹ ɧɨɜɵɯ ɮɚɡ ɧɚ ɱɚɫɬɢɰɚɯ monel-400 ɢ 
Ɇɇ-19 (ɦɟɥɶɯɢɨɪ) 
ɩ/ɧ T, ˚С  t, чɚɫ ȼɫɟ ɬɨɥɳɢɧɵ, ɩɨ ɜɨɡɪɚɫɬɚɧɢɸ, ɦɤ ɋɪɟɞɧɹɹ ɬɨɥɳɢɧɚ 
15 270 8 9 - - - - - 9 
16 270 8 6 8 - - - - 7 
17 270 16 5 - - - - - 5 
18 270 16 7 11 - - - - 9 
20 380 8 10 14 16 20 - - 12,5 
21 380 8 9 10 13 18 - - 12,5 
22 380 16 10 14 15 18 19 - 15,2 
23 380 16 14 18 - - - - 16 
26 270 8 21 25 29 - - - 25 
27 270 8 15 17 22 26 45 - 25 
28 270 16 10 11 13 16 - - 12,5 
29 270 16 21 34 - - - - 27,5 
30 270 16 9 10 11 - - - 10 
31 380 8 17 18 22 - - - 19 
32 380 8 34 26 - - - - 30 
34 380 16 17 21 31 - - - 23 
35 380 16 35 - - - - - 35 
 
Ⱦɚɧɧɵɟ ɢɡ ɬɚɛɥɢɰɵ 5 ɜɡɹɬɵ ɫ ɤɨɦɩɨɡɢɰɢɹɦɢ ɫɨɫɬɨɹɳɢɯ ɢɡ ɱɚɫɬɢɰ Ni-20%, Cu-20%, 
ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ ɫɥɚɜɚ-20% ɢ Ga-40% (ɩɨ ɦɚɫɫɟ). ɉɪɢɜɟɞɟɧɧɵɟ ɞɚɧɧɵɟ ɩɪɟɨɛɪɚɡɨɜɚɧɵ ɜ 
ɝɪɚɮɢɤ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ (ɪɢɫɭɧɨɤ 17), ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ, ɫɨɫɬɚɜɚ ɢ ɜɪɟɦɟɧɢ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɱɚɫɬɢɰ Cu-Ni ɫɩɥɚɜɨɜ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ. 
 
 
 
Ɋɢɫɭɧɨɤ 17 – ɂɧɬɟɝɪɚɥɶɧɵɣ ɝɪɚɮɢɤ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɛɪɚɡɨɜɚɧɢɹ ɧɨɜɵɯ ɮɚɡ  
ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ, ɫɨɫɬɚɜɚ ɢ ɜɪɟɦɟɧɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɱɚɫɬɢɰ  
Cu-Ni ɫɩɥɚɜɨɜ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ 
 –monel-400          –ɦɟɥɶɯɢɨɪ 
46 
 
 Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɧɚ ɪɢɫɭɧɤɚɯ 18 ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɫɧɨɜɧɵɟ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɤɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ ɧɚ ɨɛɪɚɡɰɚɯ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɵɯ 
ɫɩɥɚɜɨɜ monel-400 ɢ ɦɟɥɶɯɢɨɪ (Ɇɇ-19) ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ c ɠɢɞɤɢɦ 
ɝɚɥɥɢɟɦ. Ɋɟɡɭɥɶɬɚɬɵ ɢɡɨɛɪɚɠɟɧɵ ɝɪɚɮɢɱɟɫɤɢ ɜ ɤɨɨɪɞɢɧɚɬɚɯ: x – ɬɨɥɳɢɧɚ 
ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɥɨɹ ɜ ɦɢɤɪɨɦɟɬɪɚɯ ɢ τ – ɜɪɟɦɹ ɜɵɞɟɪɠɤɢ ɜ ɱɚɫɚɯ.  
 
 
Ɋɢɫɭɧɨɤ 18 – Ʉɪɢɜɵɟ ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɩɪɢ ɤɨɧɬɚɤɬɟ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɵɯ 
ɫɩɥɚɜɨɜ monel-400 ɢ ɦɟɥɶɯɢɨɪ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ, t = 380, 360 ɢ 270˚C 
 
ɋɪɚɜɧɢɜɚɹ ɩɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ, ɦɨɠɧɨ ɤɨɧɫɬɚɬɢɪɨɜɚɬɶ, ɱɬɨ ɫɤɨɪɨɫɬɶ 
ɪɨɫɬɚ ɧɨɜɵɯ ɮɚɡ ɧɚ ɦɟɥɶɯɢɨɪɟ ɩɪɢ ɤɨɧɬɚɤɬɟ ɫ ɝɚɥɥɢɟɦ ɧɚɦɧɨɝɨ ɜɵɲɟ, ɱɟɦ ɫ 
monel-400. Ɉɛɭɫɥɨɜɥɟɧɨ ɷɬɨ ɬɟɦ ɱɬɨ ɫɨɞɟɪɠɚɧɢɟ ɧɢɤɟɥɹ ɜ ɦɟɥɶɯɢɨɪɟ 
ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɟ ɱɟɦ monel-400. 
 
3.4 ɗɥɟɦɟɧɬɧɵɣ ɢ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɩɪɨɞɭɤɬɨɜ ɜɡɚɢɦɨɞɟɣɫɬɜɢя 
 
Ɇɟɬɨɞɨɦ ɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɦɢɤɪɨɚɧɚɥɢɡɚ ɛɵɥ ɨɩɪɟɞɟɥɟɧ 
ɷɥɟɦɟɧɬɧɵɣ ɫɨɫɬɚɜ ɢɫɯɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɞɢɮɮɭɡɢɨɧɧɵɯ ɡɨɧ. ɋ ɲɚɝɨɦ 
ɫɤɚɧɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ 300 ɢ 500 ɧɚɧɨɦɟɬɪɨɜ ɢ ɭɜɟɥɢɱɟɧɢɦ ɨɬ 8000 ɞɨ 20000 
ɤɪɚɬ. ɉɨ ɩɨɥɭɱɟɧɧɵɦ ɞɚɧɧɵɦ ɩɨɫɬɪɨɟɧɵ ɜ ɩɪɨɝɪɚɦɦɟ Excel 
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ɯ, ɦ
ɤɦ
𝜏, ɱɚɫ
Ɇɨɧɟɥɶ 270-8 Ɇɨɧɟɥɶ 380-16 Ɇɟɥɶɯɢɨɪ 270-8
Ɇɟɥɶɯɢɨɪ 380-16 Ɇɨɧɟɥɶ 360-8
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ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɩɨ ɥɢɧɢɢ 
ɫɤɚɧɢɪɨɜɚɧɢɹ. 
ɇɚ ɪɢɫɭɧɤɟ 19, ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɨɟ 
ɢɡɨɛɪɚɠɟɧɢɟ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɫɢɫɬɟɦɵ Cu – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ 
ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɜ ɞɢɮɮɭɡɢɨɧɧɨɣ ɡɨɧɟ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɟ 380℃ ɢ ɜɪɟɦɟɧɢ ɜɵɞɟɪɠɤɢ 6 ɱ. 
 
 
ɚ 
 
Ɋɢɫɭɧɨɤ 19 – ɗɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɜ ɫɢɫɬɟɦɟ  
ɋu–Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɯ1000, ɥɢɧɟɣɧɵɟ 
ɫɩɟɤɬɪɵ, ɲɚɝ 500 ɧɦ, ɬɟɦɩɟɪɚɬɭɪɚ ɷɤɫɩɟɪɢɦɟɧɬɚ 380℃, ɜɪɟɦɹ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ  
ɜɵɞɟɪɠɤɢ 6 ɱ. 
 
ɉɪɢ ɫɨɩɨɫɬɚɜɥɟɧɢɢ ɤɪɢɜɵɯ ɤɨɧɰɟɧɬɪɚɰɢɢ ɷɥɟɦɟɧɬɨɜ (ɪɢɫɭɧɨɤ 19) ɫ 
ɞɢɚɝɪɚɦɦɚɦɢ Cu – Ga, ɦɨɠɧɨ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɨɛɪɚɡɨɜɚɥɢɫɶ ɮɚɡɵ α+ζ; ζ; Ȗ1+ ζ; 
Ȗ1; Ȗ1+Ȗ2; Ȗ2, ɬ.ɤ. ɷɬɢ ɫɨɟɞɢɧɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɷɥɟɦɟɧɬɨɜ ɧɚ 
0
20
40
60
80
100
120
0 5 10 15 20 25 30 35 40 45
Аɬ
ɨɦ
ɧɚ
я ɞ
ɨɥ
я %
Ɋɚɫɫɬɨяɧɢɟ, µm 
Cu
Ga
ɛ 
48 
ɞɢɚɝɪɚɦɦɟ (Cu – 82 %, Ga – 18 %; Cu – 76,5 %, Ga – 23,5 %; Cu – 71 %, Ga – 29 
%; Cu – 68,4 %, Ga – 31,6 %; Cu – 65%; Ga – 35 %). 
ɇɚ ɪɢɫɭɧɤɟ 20, ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɨɟ 
ɢɡɨɛɪɚɠɟɧɢɟ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɫɢɫɬɟɦɵ Ni – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ 
ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɜ ɞɢɮɮɭɡɢɨɧɧɨɣ ɡɨɧɟ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɟ 380℃ ɢ ɜɪɟɦɟɧɢ ɜɵɞɟɪɠɤɢ 6 ɱ. 
 
 
ɚ 
 ɛ 
Ɋɢɫɭɧɨɤ 20 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɩɨ ɥɢɧɢɢ ɫɤɚɧɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ Ni-Ga 
(ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɯ20000, ɥɢɧɟɣɧɵɟ ɫɩɟɤɬɪɵ, 
ɲɚɝ 300 ɧɦ, ɬɟɦɩɟɪɚɬɭɪɚ ɷɤɫɩɟɪɢɦɟɧɬɚ 380℃, ɜɪɟɦɹ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɢ 6 ɱ. 
 
ɋɨɩɨɫɬɚɜɥɹɹ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɞɚɧɧɵɟ ɫ ɞɢɚɝɪɚɦɦɨɣ ɫɨɫɬɨɹɧɢɹ, ɦɨɠɧɨ 
ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɨɛɪɚɡɭɸɬɫɹ ɮɚɡɵ: 𝐺𝑎𝑁݅3, 𝐺𝑎3𝑁݅5, 𝐺𝑎2𝑁݅3, 𝐺𝑎𝑁݅, 𝐺𝑎4𝑁݅3, 𝐺𝑎3𝑁݅2.  
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ɇɚ ɪɢɫɭɧɤɟ 21 ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɟ 
ɢɡɨɛɪɚɠɟɧɢɹ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɫɢɫɬɟɦ monel-400 – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ 
ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 380℃, ɜɪɟɦɟɧɢ 
ɜɵɞɟɪɠɤɢ 6 ɱ. ɉɨɫɤɨɥɶɤɭ ɩɨɥɧɨɣ ɬɪɨɣɧɨɣ ɞɢɚɝɪɚɦɦɵ ɫɢɫɬɟɦɵ Cu – Ni – Ga ɧɟ 
ɛɵɥɨ ɧɚɣɞɟɧɨ, ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɨɞɧɨɡɧɚɱɧɨ ɭɫɬɚɧɨɜɢɬɶ ɧɟ ɭɞɚɥɨɫɶ. 
 
 
 ɚ 
 ɛ 
Ɋɢɫɭɧɨɤ 21 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɩɨ ɥɢɧɢɢ ɫɤɚɧɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ  
monel-400 - Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɯ20000, 
ɥɢɧɟɣɧɵɟ ɫɩɟɤɬɪɵ, ɲɚɝ 300 ɧɦ, ɬɟɦɩɟɪɚɬɭɪɚ 380℃, ɜɪɟɦɹ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɢ 6 ɱ. 
 
 ɉɪɢ ɫɨɩɨɫɬɚɜɥɟɧɢɢ ɤɪɢɜɵɯ ɤɨɧɰɟɧɬɪɚɰɢɢ ɷɥɟɦɟɧɬɨɜ ɫ ɞɢɚɝɪɚɦɦɚɦɢ Ni–
Ga, Cu – Ga ɦɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɨɛɪɚɡɨɜɚɥɢɫɶ ɮɚɡɵ 𝐺𝑎3𝑁݅2 ɢ 𝐺𝑎𝑁݅3, ɬ. ɤ. 
ɷɬɢ ɫɨɟɞɢɧɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɷɥɟɦɟɧɬɨɜ ɧɚ ɞɜɨɣɧɨɣ 
ɞɢɚɝɪɚɦɦɟ.  
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 ȼ ɪɟɡɭɥɶɬɚɬɟ ɞɚɧɧɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ ɛɵɥ ɩɨɥɭɱɟɧ ɢɧɬɟɪɟɫɧɵɣ ɷɮɮɟɤɬ, 
ɱɬɨ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ ɫɩɥɚɜɚ (monel-400) ɫ ɝɚɥɥɢɟɦ ɜ 
ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɢɞɟɬ ɪɟɚɤɰɢɹ ɝɚɥɥɢɹ ɫ ɦɟɞɶɸ, ɚ ɡɚɬɟɦ ɞɢɮɮɭɡɢɨɧɧɵɟ ɩɨɬɨɤɢ 
ɜɵɪɚɜɧɢɜɚɸɬɫɹ.  
ɇɚ ɪɢɫɭɧɤɟ 22 ɩɨɤɚɡɚɧɚ ɤɚɪɬɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ (Ni; 
Cu; Ga) ɩɨ ɰɜɟɬɚɦ, ɝɞɟ ɧɚɝɥɹɞɧɨ ɦɨɠɧɨ ɭɜɢɞɟɬɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɤɨɦɩɨɧɟɧɬɨɜ 
ɩɨɥɧɨɫɬɶɸ ɩɨ ɩɥɨɳɚɞɢ ɫɤɚɧɢɪɭɟɦɨɝɨ ɨɛɪɚɡɰɚ.  
 
 
 
Ɋɢɫɭɧɨɤ 22 – Ʉɚɪɬɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɜ ɪɟɚɤɰɢɨɧɧɨɣ ɫɢɫɬɟɦɟ monel-400 – Ga 
 
 ɇɚ ɪɢɫɭɧɤɟ 23, 24 ɩɨɤɚɡɚɧ ɨɛɪɚɡɟɰ monel-400–Ga, ɫ ɤɚɪɬɨɣ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ ɩɨ ɰɜɟɬɚɦ ɜ ɞɢɮɮɭɡɢɨɧɧɵɯ ɡɨɧɚɯ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɟ 380 ˚ɋ ɢ ɜɪɟɦɟɧɢ ɜɵɞɟɪɠɤɢ 6 ɱ. 
 ɉɨɤɚɡɚɧɨ, ɤɚɤ ɪɚɫɩɪɟɞɟɥɹɸɬɫɹ ɷɥɟɦɟɧɬɵ ɧɚ ɜɫɟɣ ɩɥɨɳɚɞɢ ɢɡɭɱɚɟɦɨɝɨ 
ɨɛɪɚɡɰɚ. 
51 
 
 
 
Ɋɢɫɭɧɨɤ 23 – Ɉɛɪɚɡɟɰ monel-400 – Ga 
 
 
 
Ɋɢɫɭɧɨɤ 24 – Ʉɚɪɬɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɜ ɪɟɚɤɰɢɨɧɧɨɣ ɫɢɫɬɟɦɟ monel-400 – Ga 
 
ɇɚ ɪɢɫɭɧɤɟ 25 ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɟ 
ɢɡɨɛɪɚɠɟɧɢɹ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɫɢɫɬɟɦ monel-400 – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ 
ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɜ ɞɢɮɮɭɡɢɨɧɧɨɣ ɡɨɧɟ, ɩɨɥɭɱɟɧɧɨɣ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɟ 270℃ ɢ ɜɪɟɦɟɧɢ ɜɵɞɟɪɠɤɢ 8 ɱ. 
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  ɚ 
 
 
ɛ 
Ɋɢɫɭɧɨɤ 25 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɩɨ ɥɢɧɢɢ ɫɤɚɧɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ  
monel-400 – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɯ6000, 
ɥɢɧɟɣɧɵɟ ɫɩɟɤɬɪɵ, ɲɚɝ 1 ɦɤ, ɬɟɦɩɟɪɚɬɭɪɚ ɷɤɫɩɟɪɢɦɟɧɬɚ 270℃, ɜɪɟɦɹ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ 
ɜɵɞɟɪɠɤɢ 8 ɱ 
 
ɇɚ ɪɢɫɭɧɤɟ 26 ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɟ 
ɢɡɨɛɪɚɠɟɧɢɹ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɫɢɫɬɟɦ monel-400 – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ 
ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɜ ɞɢɮɮɭɡɢɨɧɧɨɣ ɡɨɧɟ, ɩɨɥɭɱɟɧɧɨɣ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɟ 380℃ ɢ ɜɪɟɦɟɧɢ ɜɵɞɟɪɠɤɢ 16 ɱ.  
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,  
ɛ 
Ɋɢɫɭɧɨɤ 26 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɩɨ ɥɢɧɢɢ ɫɤɚɧɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ  
monel-400 – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɯ6000, 
ɥɢɧɟɣɧɵɟ ɫɩɟɤɬɪɵ, ɲɚɝ 1 ɦɤ, ɬɟɦɩɟɪɚɬɭɪɚ ɷɤɫɩɟɪɢɦɟɧɬɚ 380℃, ɜɪɟɦɹ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ 
ɜɵɞɟɪɠɤɢ 16 ɱ. 
 
ɇɚ ɪɢɫɭɧɤɟ 27 ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɟ 
ɢɡɨɛɪɚɠɟɧɢɹ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɫɢɫɬɟɦ ɦɟɥɶɯɢɨɪ (Ɇɇ19) – Ga (ɚ) ɢ 
ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɜ ɞɢɮɮɭɡɢɨɧɧɨɣ 
ɡɨɧɟ, ɩɨɥɭɱɟɧɧɨɣ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 270℃ ɢ ɜɪɟɦɟɧɢ ɜɵɞɟɪɠɤɢ 8 ɱ. 
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ɛ 
Ɋɢɫɭɧɨɤ 27 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɩɨ ɥɢɧɢɢ ɫɤɚɧɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ  
ɦɟɥɶɯɢɨɪ (Ɇɇ19) – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) 
ɯ4000, ɥɢɧɟɣɧɵɟ ɫɩɟɤɬɪɵ, ɲɚɝ 1 ɦɤ, ɬɟɦɩɟɪɚɬɭɪɚ ɷɤɫɩɟɪɢɦɟɧɬɚ 270℃,  
ɜɪɟɦɹ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɢ 8 ɱ. 
 
ɇɚ ɪɢɫɭɧɤɟ 28 ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɟ 
ɢɡɨɛɪɚɠɟɧɢɹ ɩɟɪɟɯɨɞɧɨɣ ɡɨɧɵ ɫɢɫɬɟɦ ɦɟɥɶɯɢɨɪ (Ɇɇ19) – Ga (ɚ) ɢ 
ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) ɜ ɞɢɮɮɭɡɢɨɧɧɨɣ ɡɨɧɟ, 
ɩɨɥɭɱɟɧɧɨɣ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 380℃ ɢ ɜɪɟɦɟɧɢ ɜɵɞɟɪɠɤɢ 16 ɱ.  
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Ɋɢɫɭɧɨɤ 28 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɩɨ ɥɢɧɢɢ ɫɤɚɧɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ  
ɦɟɥɶɯɢɨɪ (Ɇɇ19) – Ga (ɚ) ɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ (ɛ) 
ɯ4000, ɥɢɧɟɣɧɵɟ ɫɩɟɤɬɪɵ, ɲɚɝ 2 ɦɤ, ɬɟɦɩɟɪɚɬɭɪɚ ɷɤɫɩɟɪɢɦɟɧɬɚ 380℃, 
ɜɪɟɦɹ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɜɵɞɟɪɠɤɢ 16 ɱ. 
 
 ɉɪɢ ɫɨɩɨɫɬɚɜɥɟɧɢɢ ɤɪɢɜɵɯ ɤɨɧɰɟɧɬɪɚɰɢɢ ɷɥɟɦɟɧɬɨɜ ɫ ɞɢɚɝɪɚɦɦɚɦɢ Ni–
Ga, Cu – Ga ɦɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɜ ɪɟɚɤɰɢɹɯ monel-400 – Ga ɩɪɢ 270˚C ɢ 
380˚C, ɢ ɜ ɪɟɚɤɰɢɹɯ ɦɟɥɶɯɢɨɪ – Ga ɩɪɢ 270˚C ɢ 380˚C ɨɛɪɚɡɨɜɚɥɢɫɶ ɮɚɡɵ, ˍˑ˕ˑ˓ыˈ ˔˅ˈˇˈːы ˅ ˕˃˄ˎиц˖ 6.  
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Ɍɚɛɥɢɰɚ 6 – Ɉɛɪɚɡɨɜɚɜɲɢɟɫɹ ɩɪɨɦɟɠɭɬɨɱɧɵɟ ɮɚɡɵ 
ɂɫɫɥɟɞɭɟɦɚɹ ɫɢɫɬɟɦɚ ɉɪɨɦɟɠɭɬɨɱɧɚɹ ɮɚɡɚ 
Monel-400–Ga (270 ºɋ) Ga4Ni; Ga2Cu3 
Monel-400–Ga (380 ºɋ) Ga3Ni2; GaCu2 
Ɇɟɥɶɯɢɨɪ–Ga (270 ºɋ) Ga4Ni; Ga3Ni2; Ga2Cu3; GaCu2 
Ɇɟɥɶɯɢɨɪ–Ga (380 ºɋ) Ga3Ni2; GaCu2 
 
 ɉɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɛɵɥɢ ɩɨɞɬɜɟɪɠɞɟɧɵ ɪɚɫɱёɬɚɦɢ, ɝɞɟ ɫ ɩɨɦɨɳɶɸ 
ɝɪɚɮɢɤɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ, ɨɩɪɟɞɟɥɹɥɢ ɩɪɟɞɩɨɥɚɝɚɟɦɨɸ ɡɨɧɭ 
ɨɛɪɚɡɨɜɚɜɲɟɣɫɹ ɮɚɡɵ (ɫɦ. ɪɢɫɭɧɨɤ 29). ɋɨɜɦɟɫɬɢɜ ɫ ɞɢɚɝɪɚɦɦɨɣ ɫɨɫɬɨɹɧɢɹ 
ɨɩɪɟɞɟɥɹɟɦ ɩɪɨɰɟɧɬɧɨɟ ɫɨɞɟɪɠɚɧɢɟ ɜɵɛɪɚɧɧɨɣ ɮɚɡɵ, ɩɨɥɭɱɟɧɧɭɸ ɪɚɡɧɢɰɭ 
ɩɟɪɟɫɱɢɬɵɜɚɟɦ ɫ ɨɫɬɚɜɲɢɦɫɹ ɬɪɟɬɶɢɦ ɷɥɟɦɟɧɬɨɦ, ɢ ɩɨɥɭɱɚɟɦ ɩɪɨɰɟɧɬɧɨɟ 
ɫɨɞɟɪɠɚɧɢɟ ɜɬɨɪɨɣ ɮɚɡɵ. ɇɚ ɤɚɠɞɨɣ ɞɢɚɝɪɚɦɦɟ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɩɨ 3 ɪɚɫɱɟɬɚ 
ɜ ɪɚɡɧɵɯ ɩɥɨɫɤɨɫɬɹɯ ɩɨ ɥɢɧɢɢ ɫɤɚɧɢɪɨɜɚɧɢɹ. 
 
 
Ɋɢɫɭɧɨɤ 29 – Ɇɨɞɟɥɶ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 380℃ ɢ ɜɪɟɦɟɧɢ 
ɜɵɞɟɪɠɤɢ 16 ɱ. 
 
 ɉɪɢɦɟɪ ɪɚɫɱёɬɚ ɩɪɢɜɟɞɟɧ ɧɢɠɟ (% ɚɬɨɦɧɵɣ): 
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 Ga = 57,5%; Ni = 37,4%; Cu = 5% (ɫɦ. ɪɢɫɭɧɨɤ 29) 
 Ga3Ni2 – ɩɪɟɞɩɨɥɚɝɚɟɦɚɹ ɮɚɡɚ (Ga = 60%; Ni = 40%); 
 Ga = (37,4·60)/40 = 56,2%; Gaɨɫɬ. = 57;5-56,2 = 1,3%. 
 Ɉɫɬɚɬɨɤ ɝɚɥɥɢɹ ɫɨɩɨɫɬɚɜɥɹɟɦ ɫ ɦɟɞɶɸ. 
 5+1,3 = 6,3 = 100 % 
 Cu = 79,4% 
 Ga = 20,5% 
 
 ɋ ɩɨɦɨɳɶɸ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ Cu-Ga ɨɩɪɟɞɟɥɹɟɦ, ɜ ɤɚɤɭɸ ɮɚɡɭ 
ɩɨɩɚɞɚɸɬ ɩɨɥɭɱɟɧɧɵɟ ɡɧɚɱɟɧɢɹ. Ⱦɚɧɧɵɟ ɩɪɨɩɨɪɰɢɢ ɫɨɜɩɚɞɚɸɬ ɫ ɮɚɡɨɣ Ȗ1. 
ɋɥɟɞɨɜɚɬɟɥɶɧɨ ɜ ɜɵɛɪɚɧɧɨɦ ɭɱɚɫɬɤɟ ɩɪɢɫɭɬɫɬɜɭɸɬ ɮɚɡɵ Ga3Ni2 ɢ Ȗ1. Ɍɚɤɢɦ ɠɟ 
ɨɛɪɚɡɨɦ ɛɵɥɢ ɨɩɪɟɞɟɥɟɧɵ ɜɫɟ ɩɨɥɭɱɟɧɧɵɟ ɮɚɡɨɜɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ ɩɪɢ 
ɪɚɡɥɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ.  
58 
 3.5 Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɦɢɤɪɨɬɜёɪɞɨɫɬɢ  
 
Ⱦɢɚɝɪɚɦɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɡɧɚɱɟɧɢɣ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ 
ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ ɫɩɥɚɜɚ monel-400 (Ni 65 % – Cu 35 %) ɢ ɞɢɮɮɭɡɢɨɧɧɵɯ 
ɫɥɨɟɜ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 270˚C ɢ 380 ˚C ɢ ɩɪɢ ɜɵɞɟɪɠɤɟ 8 ɢ 16 
ɱɚɫɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 30. 
 
 
ɚ 
 
ɛ 
Ɋɢɫɭɧɨɤ 30 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɡɧɚɱɟɧɢɣ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ  
monel-400 – ɞɢɮɮɭɡɢɨɧɧɵɣ ɫɥɨɣ, ɩɨɥɭɱɟɧɧɵɣ: ɚ – ɩɪɢ 270˚C; ɛ – ɩɪɢ 380˚C  
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 Ⱦɢɚɝɪɚɦɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɡɧɚɱɟɧɢɣ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ 
ɦɟɞɧɨ-ɧɢɤɟɥɟɜɨɝɨ ɫɩɥɚɜɚ ɦɟɥɶɯɢɨɪ Ɇɇ19 (Cu 82 % – Ni 18 %) ɢ 
ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɫɥɨɹ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 270˚C ɢ 380 ˚C ɢ 
ɜɵɞɟɪɠɤɟ 8 ɢ 16 ɱɚɫɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 31. 
 
 
ɚ 
 
ɛ 
Ɋɢɫɭɧɨɤ 31 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɡɧɚɱɟɧɢɣ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ  
ɦɟɥɶɯɢɨɪ Ɇɇ19 – ɞɢɮɮɭɡɢɨɧɧɵɣ ɫɥɨɣ, ɩɨɥɭɱɟɧɧɵɣ: ɚ – ɩɪɢ 270˚C; ɛ – ɩɪɢ 380˚C 
 
Ⱦɥɹ ɜɫɟɯ ɨɛɪɚɡɰɨɜ ɡɧɚɱɟɧɢɹ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɨɛɪɚɡɨɜɚɜɲɢɯɫɹ 
ɢɧɬɟɪɦɟɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ ɜɵɲɟ ɡɧɚɱɟɧɢɣ, ɱɟɦ ɧɚ ɢɫɯɨɞɧɨɦ ɦɚɬɟɪɢɚɥɟ. 
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ɂɡɦɟɧɟɧɢɟ ɡɧɚɱɟɧɢɣ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɩɪɨɢɫɯɨɞɢɬ 
ɫɤɚɱɤɨɨɛɪɚɡɧɨ. Ɏɚɡ ɫ ɩɨɧɢɠɟɧɧɨɣ ɬɜɟɪɞɨɫɬɶɸ (ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ) ɧɟ 
ɨɛɧɚɪɭɠɟɧɨ. 
 
3.6 Вɥɢяɧɢɟ ɞɢɫɩɟɪɫɧɨɫɬɢ ɧɚ ɩɪɨɰɟɫɫ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢя 
 
ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɩɭɬɟɦ ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ ɱɬɨ ɧɚ ɞɢɮɮɭɡɢɨɧɧɵɣ 
ɩɪɨɰɟɫɫ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɦɨɠɟɬ ɜɥɢɹɬɶ ɪɚɡɦɟɪ (ɞɢɫɩɟɪɫɧɨɫɬɶ) ɱɚɫɬɢɰ, ɱɟɦ 
ɦɟɥɶɱɟ ɱɚɫɬɢɰɵ ɬɟɦ ɩɪɨɰɟɫɫ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɢɞɟɬ ɛɵɫɬɪɟɟ. 
ȼ ɤɚɱɟɫɬɜɟ ɷɤɫɩɟɪɢɦɟɧɬɚ ɜ ɫɨɫɬɚɜɵ ɩɪɢɩɨɟɜ ɛɵɥɢ ɞɨɛɚɜɥɟɧɵ ɩɨɪɨɲɤɢ 
ɋo ɢ Cu ɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɩɪɨɩɨɪɰɢɹɯ, ɩɪɢ ɪɚɡɧɵɯ ɬɟɪɦɢɱɟɫɤɢɯ ɪɟɠɢɦɚɯ.  
ɇɚ ɪɢɫɭɧɤɟ 32 ɚ, ɛ ɹɜɧɨ ɜɢɞɧɨ, ɱɬɨ ɩɪɚɤɬɢɱɟɫɤɢ ɜɟɫɶ ɝɚɥɥɢɣ 
ɩɪɨɪɟɚɝɢɪɨɜɚɥ ɫ ɤɨɛɚɥɶɬɨɦ ɢ ɦɟɞɶɸ, ɚ ɬɨɥɳɢɧɚ ɫɥɨɹ ɧɚ ɛɨɥɟɟ ɤɪɭɩɧɵɯ 
ɱɚɫɬɢɰɚɯ monel-400 ɦɢɧɢɦɚɥɶɧɚ (ɦɟɧɟɟ 1 ɦɤ). 
  
 ɚ 
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 ɛ 
 
Ɋɢɫɭɧɨɤ 32 – ɉɚɫɬɵ-ɩɪɢɩɨɢ ɫ ɞɨɛɚɜɥɟɧɢɟɦ ɦɟɥɤɢɯ ɩɨɪɨɲɤɨɜ; ɚ-Co, ɛ-Cu 
  
ɉɪɟɞɜɚɪɢɬɟɥɶɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɦɟɥɤɨ-ɞɢɫɩɟɪɫɢɨɧɧɵɣ 
ɩɨɪɨɲɨɤ ɤɨɛɚɥɶɬɚ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɨɣ ɬɟɪɦɨɨɛɪɚɛɨɬɤɟ ɩɨɫɥɟ ɪɟɚɤɰɢɢ ɫ ɝɚɥɥɢɟɦ 
ɩɟɪɟɯɨɞɢɬ ɜ ɬɜɟɪɞɵɣ ɪɚɫɬɜɨɪ ɝɚɥɥɢɹ ɜ ɤɨɛɚɥɶɬɟ, ɢ ɫɬɚɧɨɜɢɬɫɹ 
ɩɥɚɫɬɢɮɢɤɚɬɨɪɨɦ ɜ ɩɚɫɬɟ-ɩɪɢɩɨɟ. ȼ ɷɬɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɭɞɭɬ 
ɩɪɨɞɨɥɠɟɧɵ.  
62 
4 Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ 
 
ȼ ɪɚɛɨɬɟ [5] ɚɜɬɨɪɨɦ ɛɵɥɨ ɩɪɟɞɥɨɠɟɧɨ ɢ ɞɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɨɩɢɫɚɧɢɹ 
ɤɢɧɟɬɢɤɢ ɨɛɪɚɡɨɜɚɧɢɹ ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɮɚɡ (ɢɧɬɟɪɦɟɬɚɥɥɢɞɨɜ) ɜ ɞɜɨɣɧɵɯ 
ɫɢɫɬɟɦɚɯ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɥɟɞɭɸɳɭɸ ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ:  
 ݕଶ = ʹܦ ∙ ∆஼௔ ∙ 𝜏;  
 
ɂɡ ɤɨɬɨɪɨɣ ɫɥɟɞɭɟɬ: 
 ʹܦ ∙ ∆஼௔  = ʹ݌ = ܦ∗ =  ௬2𝜏    
 
ɝɞɟ y – ɬɨɥɳɢɧɚ ɨɛɪɚɡɨɜɚɜɲɟɝɨɫɹ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ ɡɚ ɜɪɟɦɹ τ; D – 
ɤɨɷɮɮɢɰɢɟɧɬ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ; a – «ɧɟɤɨɬɨɪɵɣ» ɤɨɷɮɮɢɰɢɟɧɬ 
ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ; ΔС – ɪɚɡɧɨɫɬɶ ɤɨɧɰɟɧɬɪɚɰɢɣ ɧɚ ɨɛɟɢɯ ɝɪɚɧɢɰɚɯ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ, ɤɨɬɨɪɚɹ ɨɫɬɚɟɬɫɹ ɧɟɢɡɦɟɧɧɨɣ ɜ ɩɪɨɰɟɫɫɟ ɟɝɨ ɪɨɫɬɚ ɩɪɢ 
ɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɬ.ɟ. ΔС – const.  
Ʉɚɤ ɩɨɤɚɡɚɥɢ ɞɚɥɶɧɟɣɲɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɧɚɩɪɢɦɟɪ [23, 25], 
ɩɚɪɚɛɨɥɢɱɟɫɤɚɹ ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ ɦɟɠɞɭ ɬɨɥɳɢɧɨɣ ɨɛɪɚɡɭɸɳɟɣɫɹ ɧɚ ɝɪɚɧɢɰɟ 
ɪɚɡɞɟɥɚ ɞɜɭɯ ɦɟɬɚɥɥɨɜ А ɢ В ɧɨɜɨɣ ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɮɚɡɵ ɢ ɜɪɟɦɟɧɟɦ ɢɯ 
ɤɨɧɬɚɤɬɢɪɨɜɚɧɢɹ, ɤɚɤ ɩɪɚɜɢɥɨ, ɜɵɩɨɥɧɹɟɬɫɹ. 
ȼɦɟɫɬɟ ɫ ɬɟɦ, ɜ ɪɚɛɨɬɟ [5] ɨɞɢɧ ɢɡ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ 
ɧɟ ɛɵɥ ɮɢɡɢɱɟɫɤɢ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɧ ɢ ɭɱɢɬɵɜɚɥɫɹ ɜ ɩɪɟɞɥɨɠɟɧɧɨɦ ɩɚɪɚɦɟɬɪɟ  ݌ = ஽𝛥С௔  c ɪɚɡɦɟɪɧɨɫɬɶɸ [ɦ2/ɫ]. ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ΔС ɢ ɚ ɞɨɥɠɧɵ ɢɦɟɬɶ 
ɨɞɢɧɚɤɨɜɭɸ ɪɚɡɦɟɪɧɨɫɬɶ, ɬ.ɟ. ɤɝ/ɦ3 ɩɨ ɫɢɫɬɟɦɟ ɋɂ. 
Ʌɨɝɢɱɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ «ɚ» ɷɬɨ ɩɥɨɬɧɨɫɬɶ ɨɛɪɚɡɭɸɳɟɝɨɫɹ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ, ɩɨɫɤɨɥɶɤɭ ɜ ɪɟɡɭɥɶɬɚɬɟ ɪɟɚɤɰɢɢ ɞɢɮɮɭɧɞɢɪɭɸɳɢɯ 
ɧɚɜɫɬɪɟɱɭ ɞɪɭɝ ɞɪɭɝɭ ɚɬɨɦɨɜ А ɢ В ɨɛɪɚɡɭɟɬɫɹ ɧɨɜɨɟ ɜɟɳɟɫɬɜɨ ɫ ɨɩɪɟɞɟɥɟɧɧɨɣ 
ɩɥɨɬɧɨɫɬɶɸ.  
ɂɫɯɨɞɹ ɢɡ ɷɬɨɝɨ ɩɪɟɞɩɨɥɨɠɟɧɢɹ, ɤɨɷɮɮɢɰɢɟɧɬ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɜ 
ɞɜɨɣɧɨɣ ɫɢɫɬɟɦɟ ɦɨɠɟɬ ɛɵɬɶ ɜɵɱɢɫɥɟɧ ɩɨ ɮɨɪɦɭɥɟ [23,27]:  
(4.1) 
(4.1.1) 
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 ܦ = ௬2𝑑ଶ ∆஼𝜏 ;                                                                                                              
 
 ɝɞɟ y – ɬɨɥɳɢɧɚ (ɦ) ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɮɚɡɵ AmBn, ɨɛɪɚɡɨɜɚɜɲɟɣɫɹ ɡɚ ɜɪɟɦɹ 
τ (ɫɟɤ) ɜ ɧɚɫɵɳɟɧɧɨɦ ɪɚɫɬɜɨɪɟ ɤɨɦɩɨɧɟɧɬɚ А ɤɨɦɩɨɧɟɧɬɨɦ В ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 
ɞɢɚɝɪɚɦɦɨɣ ɫɨɫɬɨɹɧɢɹ А–В ɩɪɢ ɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, (y – ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ); 
d – ɩɥɨɬɧɨɫɬɶ ɮɚɡɵ AmBn, ɤɨɬɨɪɚɹ ɛɟɡ ɭɱɟɬɚ ɢɡɦɟɧɟɧɢɹ ɪɚɡɦɟɪɨɜ ɚɬɨɦɨɜ 
А ɢ В ɩɪɢ ɨɛɪɚɡɨɜɚɧɢɢ ɷɬɨɣ ɮɚɡɵ ɦɨɠɟɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɚ ɩɨ ɩɪɚɜɢɥɭ 
ɚɞɞɢɬɢɜɧɨɫɬɢ: dAmBn= dA ∙ mA+ dB ∙ mB (݉௔ ɢ ݉௕–ɦɚɫɫɨɜɵɟ ɞɨɥɢ ɤɨɦɩɨɧɟɧɬɨɜ ɜ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɟ); 
ΔС – ɩɟɪɟɩɚɞ ɤɨɧɰɟɧɬɪɚɰɢɢ ɜ ɩɪɟɞɟɥɚɯ ɜɡɚɢɦɧɨɣ ɪɚɫɬɜɨɪɢɦɨɫɬɢ 
ɤɨɦɩɨɧɟɧɬɨɜ Ⱥ ɢ ȼ ɜ ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɮɚɡɟ (AmBn), ɨɩɪɟɞɟɥɹɟɦɨɦ ɬɚɤɠɟ ɩɨ 
ɞɚɧɧɨɣ ɞɢɚɝɪɚɦɦɟ ɫɨɫɬɨɹɧɢɣ [ɤɝ/ɦ3]. 
Ɋɚɡɧɨɫɬɶ ɤɨɧɰɟɧɬɪɚɰɢɣ ΔС ɜ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ ɧɚ ɛɚɡɟ ɯɢɦɢɱɟɫɤɨɝɨ 
ɫɨɟɞɢɧɟɧɢɹ ɜ ɬɪɟɛɭɟɦɨɣ ɪɚɡɦɟɪɧɨɫɬɢ ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ, ɭɦɧɨɠɚɹ ɜɡɹɬɭɸ ɢɡ 
ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ ɪɚɡɧɨɫɬɶ ɦɚɫɫɨɜɵɯ ɞɨɥɟɣ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨ ɝɪɚɧɢɰɚɦ 
ɞɚɧɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɩɪɢ ɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɧɚ ɫɪɟɞɧɸɸ ɩɥɨɬɧɨɫɬɶ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ, ɬ.ɟ. ΔС = ΔСm ∙ dAmBn  [ɤɝ/ɦ3]. 
Ɍɨɝɞɚ, ɨɩɪɟɞɟɥɢɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ y ɢ ɡɧɚɹ τ, ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ ɢ 
ɡɧɚɱɟɧɢɟ D ɩɪɢ ɡɚɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨ ɮɨɪɦɭɥɟ: 
 
          ܦ = ௬2ଶ∆С𝑚𝜏 ;  [ɦ2/ɫ] 4.3 
 
Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ 
ɜɵɪɚɠɚɟɬɫɹ ɭɪɚɜɧɟɧɢɟɦ Ⱥɪɪɟɧɢɭɫɚ [24]:  
            ܦ = ܦ଴݁−ொோ் 4.4 
 
(4.2) 
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ɝɞɟ D – ɤɨɷɮɮɢɰɢɟɧɬ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ [ɦ2/ɫ], D0 – 
ɩɪɟɞɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɣ ɦɧɨɠɢɬɟɥɶ, Q – ɷɧɟɪɝɢɹ ɚɤɬɢɜɚɰɢɢ [ɤɚɥ/ɦɨɥɶ], R – 
ɭɧɢɜɟɪɫɚɥɶɧɚɹ ɝɚɡɨɜɚɹ ɩɨɫɬɨɹɧɧɚɹ [ɤɚɥ/ɦɨɥɶ·ºɄ], T – ɬɟɦɩɟɪɚɬɭɪɚ [Ʉ]. ɗɬɢ 
ɩɚɪɚɦɟɬɪɵ ɹɜɥɹɸɬɫɹ ɨɩɪɟɞɟɥɹɸɳɢɦɢ ɜ ɩɪɨɰɟɫɫɟ ɞɢɮɮɭɡɢɢ, ɢɦɟɹ 
ɤɨɷɮɮɢɰɢɟɧɬɵ ɞɢɮɮɭɡɢɢ ɩɪɢ ɞɜɭɯ ɬɟɦɩɟɪɚɬɭɪɚɯ, ɫɬɚɧɨɜɢɬɫɹ ɜɨɡɦɨɠɧɵɦ 
ɨɩɪɟɞɟɥɟɧɢɟ ɢ ɨɫɬɚɥɶɧɵɯ ɩɚɪɚɦɟɬɪɨɜ: 
          log ܦ = log ܦ଴ − ܳ/ʹ,͵ܴܶ 4.5  
 
ɂɫɩɨɥɶɡɭɹ ɮɨɪɦɭɥɭ 4.1.1 ɢ ɭɪɚɜɧɟɧɢɟ 4.5 ɛɵɥɢ ɧɚɣɞɟɧɵ ɷɮɮɟɤɬɢɜɧɵɟ 
ɤɨɷɮɮɢɰɟɧɬɵ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɫ ɤɨɷɮɮɢɰɟɧɬɚɦɢ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ 
ɞɥɹ ɬɟɦɩɟɪɚɬɭɪ 270 ɢ 380 ˚ɋ. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 7.  
 
Ɍɚɛɥɢɰɚ 7 – Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɚɪɚɦɟɬɪɨɜ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ ɜ ɞɜɨɣɧɵɯ 
ɫɢɫɬɟɦɚɯ 
ɂɫɫɥɟɞɭɟɦɚɹ ɫɢɫɬɟɦɚ ɉɪɨɞɭɤɬɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 
Ɂɧɚɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 
ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ, [ɦ2/ɫ] 
Monel-400–Ga (270 ºɋ) Ga4Ni; Ga2Cu3 1,701·10-15 
Monel-400–Ga (380 ºɋ) Ga3Ni2; GaCu2 4,444·10-15 
Ɇɟɥɶɯɢɨɪ–Ga (270 ºɋ) Ga4Ni; Ga3Ni2 
Ga2Cu3;GaCu2 
2,17·10-14 
Ɇɟɥɶɯɢɨɪ–Ga (380 ºɋ) Ga3Ni2; GaCu2 2,127·10-14 
 
ɂɫɯɨɞɹ ɢɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ 
ɛɨɥɟɟ ɜɵɫɨɤɚɹ ɫɤɨɪɨɫɬɶ ɮɚɡɨɨɛɪɚɡɨɜɚɧɢɹ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɫɢɫɬɟɦɟ ɦɟɥɶɯɢɨɪ–
Ga. ɉɪɢ ɷɬɨɦ ɨɛɪɚɡɭɸɬɫɹ ɧɨɜɵɟ ɮɚɡɵ ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ ɛɨɥɟɟ 800 ˚ɋ.  
ɗɬɨ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɭɩɪɚɜɥɹɬɶ ɫɤɨɪɨɫɬɶɸ ɨɛɪɚɡɨɜɚɧɢɹ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɧɨɣ ɮɚɡɵ, ɫɨɤɪɚɬɢɬɶ ɜɪɟɦɹ ɡɚɬɜɟɪɞɟɜɚɧɢɹ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ-
ɩɪɢɩɨɟɜ, ɨɛɥɚɞɚɸɳɢɯ ɜɵɫɨɤɢɦɢ ɬɟɦɩɟɪɚɬɭɪɚɦɢ ɪɚɫɩɚɹ.  
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ɁАɄɅɘɑȿɇɂȿ 
 
 ɉɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɦɟɞɧɨ-ɧɢɤɟɥɟɜɵɯ ɫɩɥɚɜɨɜ 
ɬɢɩɚ monel-400 ɢ ɦɟɥɶɯɢɨɪ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ ɧɚ ɩɪɟɞɦɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɷɬɢɯ 
ɫɩɥɚɜɨɜ ɜ ɤɚɱɟɫɬɜɟ ɧɚɩɨɥɧɢɬɟɥɹ ɞɥɹ ɩɚɫɬ- ɩɪɢɩɨɟɜ (ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɤɥɟɜ) ɧɚ 
ɨɫɧɨɜɟ ɝɚɥɥɢɹ, ɩɪɢɦɟɧɹɟɦɵɯ ɞɥɹ ɫɨɟɞɢɧɟɧɢɹ ɪɚɡɧɨɪɨɞɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. 
 ȼ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 270 ɞɨ 380°ɋ ɨɩɪɟɞɟɥɟɧɵ ɤɢɧɟɬɢɱɟɫɤɢɟ 
ɩɚɪɚɦɟɬɪɵ ɨɛɪɚɡɨɜɚɧɢɹ ɩɪɨɦɟɠɭɬɨɱɧɵɯ ɮɚɡ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ monel-400 – 
ɠɢɞɤɢɣ ɝɚɥɥɢɣ ɢ ɦɟɥɶɯɢɨɪ-ɠɢɞɤɢɣ ɝɚɥɥɢɣ. 
 ɍɫɬɚɧɨɜɥɟɧɨ ɱɬɨ ɪɨɫɬ ɢɧɬɟɪɦɟɬɚɥɥɢɞɨɜ ɤɚɤ ɩɪɚɜɢɥɨ ɩɨɞɱɢɧɹɟɬɫɹ 
ɩɚɪɚɛɨɥɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ ݕଶ = ʹܲ𝑡 , ɝɞɟ y- ɬɨɥɳɢɧɚ ɫɥɨɹ ɧɨɜɵɯ ɮɚɡ, t – ɜɪɟɦɹ 
ɤɨɧɬɚɤɬɚ, 2P – ɷɮɮɟɤɬɢɜɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɟɚɤɬɢɜɧɨɣ ɞɢɮɮɭɡɢɢ 
(ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ). 
 ɉɪɨɞɭɤɬɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɤɨɧɬɚɤɬɧɨɝɨ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ. 
 ɉɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɦɟɥɶɯɢɨɪɚ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 
270°ɋ ɨɛɪɚɡɭɸɬɫɹ ɮɚɡɵ Ga4 Ni c ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɩɥɚɜɥɟɧɢɹ 363°ɋ, ɮɚɡɚ Ga3 Ni2 
ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 950°ɋ, ɮɚɡɚ Ȗ3 (Ga2 Cu3) ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 
468°ɋ ɢ ɮɚɡɚ Ȗ1 (Ga4 Cu2) ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ ɛɨɥɟɟ 836°ɋ. 
 ɉɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɦɟɥɶɯɢɨɪɚ ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 
380°ɋ ɨɛɪɚɡɭɟɬɫɹ ɮɚɡɵ Ga3Ni2 ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 950°ɋ ɢ ɮɚɡɚ Ȗ1(Ga 
Cu2) ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 836°ɋ. 
 ɉɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ monel-400 ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 
270°ɋ ɨɛɪɚɡɭɟɬɫɹ ɮɚɡɵ Ga4Ni ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 363°ɋ ɢ ɮɚɡɚ Ȗ3(Ga2 
Cu3) ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 468°ɋ. 
 ɉɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ monel-400 ɫ ɠɢɞɤɢɦ ɝɚɥɥɢɟɦ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 
380°ɋ ɨɛɪɚɡɭɟɬɫɹ ɮɚɡɵ Ga3Ni2 ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 950°ɋ ɢ ɮɚɡɚ Ȗ1(Ga 
Cu2) ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 836°ɋ. 
 Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɡɜɨɥɹɸɬ ɪɟɤɨɦɟɧɞɨɜɚɬɶ ɜ ɤɚɱɟɫɬɜɟ 
ɧɚɩɨɥɧɢɬɟɥɹ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ-ɩɪɢɩɨɟɜ ɩɨɪɨɲɨɤ ɦɟɥɶɯɢɨɪɚ ɩɪɢ ɢɯ 
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ɞɢɮɮɭɡɢɨɧɧɨɦ ɬɜɟɪɞɟɧɢɢ ɩɪɢ 260-270°ɋ ɫ ɩɨɥɭɱɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɪɚɫɩɚɹ 
363°ɋ. Ⱥ ɩɪɢ ɞɢɮɮɭɡɢɨɧɧɨɦ ɬɜɟɪɞɟɧɢɢ ɩɪɢ 370-380°C ɬɟɦɩɟɪɚɬɭɪɚ ɪɚɫɩɚɹ 
ɞɨɫɬɢɝɚɟɬ 836°ɋ. 
 ɂɫɩɨɥɶɡɨɜɚɧɢɟ monel-400 ɜ ɤɚɱɟɫɬɜɟ ɧɚɩɨɥɧɢɬɟɥɹ ɩɪɢ ɞɢɮɮɭɡɢɨɧɧɨɦ 
ɬɜɟɪɞɟɧɢɢ ɝɚɥɥɢɟɜɵɯ ɩɚɫɬ ɩɪɢɩɨɟɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 370-380°C ɬɚɤ ɠɟ ɦɨɠɟɬ 
ɞɚɬɶ ɬɟɦɩɟɪɚɬɭɪɭ ɪɚɫɩɚɹ 836°C. 
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